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ABSTRACT
Synchronous reluctance generator, because o f its inherent advantages, is coming up as an 
alternative for the conventional electrical generators. Performance o f synchronous 
reluctance machine is greatly influenced by the effect o f saturation in its ferromagnetic 
core under both steady-state and transient operations. Thus, the proper representation of 
saturation in the modelling o f synchronous reluctance generator is o f great importance for 
practical and reliable analysis.
In the steady-state and transient modelling o f synchronous reluctance generator, 
saturation in the direct axis is usually considered, while the saturation in the quadrature 
axis is ignored due to modelling complexity and unavailability of the q-axis saturation 
characteristic. In this research work, a new method of modelling the magnetic saturation 
in synchronous reluctance machine has been proposed. A linearized steady-state model 
and a transient model of saturated synchronous reluctance generator have been developed 
considering the effect of saturation both in the direct and quadrature axes by using the 
proposed saturation model. The importance o f the inclusion o f the q-axis saturation on 
the steady-state and transient performances o f a synchronous reluctance generator is 
manifested using this proposed saturation model.
The proposed liniearized generator model has been applied to obtain eigenvalues o f the 
state matrix o f the system considering only d-axis and then both d- and q-axis saturation 
for the steady-state stability analysis. The effects o f different loading conditions on the 
steady-state performance have also been investigated in this research work. Moreover, 
numerical investigations are carried out to determine the transient stability o f a 
synchronous reluctance generator subjected to a three-phase symmetrical short-circuit at 
its terminal. The proposed model has been applied to observe the behaviour o f different 
machine parameters such as load angle, speed to analyze the transient stability 
considering only d-axis and both d- and q-axis saturation.
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1.0 INTRODUCTION
1.1 Background
Electrical power establishes the foundation o f the current human civilization. The 
dependency on electric power has been ever increasing and the increase o f electric power 
demand makes power systems larger and complicated and hence more susceptible 
towards instability. Power system stability has been recognized as an important problem 
for secure system operation since 1920 [1].
Stability o f electrical generators which are the back bones o f the power system has a 
great influence on the overall power system stability. Conventionally, synchronous 
generators are widely used for the electric power generation but the ability o f induction 
generators to produce electrical power over wide range o f speeds has made them a good 
alternative [2-4], However, generated voltage and frequency o f induction generators 
varies with load and excitation changes [5,6]. The correction of this inherent problem 
needs special technology that increases the cost [7]. Another type o f generators which has 
the advantages o f variable speed operation, lower maintenance cost or no external DC 
supply is synchronous reluctance generator. Synchronous reluctance generator also offers 
a few advantages over induction generator [8,9]
• Low copper loss and core loss
• The frequency o f the generated voltage is directly proportional to the 
mechanical speed i.e. independent o f load or excitation
Synchronous reluctance generators resemble synchronous machines except the fact that 
there is no field winding in the rotor. The required excitation for power production is 
achieved from the existing power grid or more conveniently by connecting external
1
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capacitance across the stator terminals. However, for stand-alone systems, excitation 
capacitance is a requisite to build up the voltage through self-excitation method [10]. 
Synchronous reluctance generators have a huge prospect particularly in the field o f power 
generation from wind energy. With the increasing concerns about environment and 
storage o f fossil fuels, wind energy is gaining popularity in all the developed and 
developing countries [11] creating a pathway for more extensive usage o f synchronous 
reluctance generators.
Like other types of generators, for synchronous reluctance generators, stability analysis is 
o f great importance in order to ensure proper operation. Stability o f a generator can be 
affected by steady-state disturbance or by transient disturbance. Steady-state stability 
determines the capability of the machine to withstand small fluctuations o f the system 
parameters i.e. voltage or frequency. Transient stability means the ability o f the machine 
to survive a sudden change in system characteristics such as loss o f load, loss of 
excitation or faults in the transmission line without a sustained loss o f synchronism [12]. 
In order to analyze the steady-state or the transient stability o f a generator it is important 
to derive an analytical model o f the system based on their numerical equations. A proper 
modelling approach should take in to account as many conditions as possible to predict 
the actual behaviour. State-of-the art models for steady-state stability analysis of 
synchronous reluctance generator consider the effect o f magnetic saturation only in the 
direct axis [8,9,13]. However, the effect o f saturation is usually ignored in the quadrature 
axis because o f modelling complexity and unavailability of the q-axis saturation 
characteristics. For transient stability models, effect o f saturation is generally ignored in 
both axes [14,15].
2
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However, the performances o f any electrical machine are greatly influenced by the 
saturation in the ferromagnetic core. Significant reductions in the values o f the 
magnetizing reactances in both direct and quadrature axes from their corresponding 
unsaturated values have been observed as a result of nonlinearities introduced by 
saturation under both steady-state and transient operations [16]. Thus, in the modelling of 
synchronous reluctance generator, proper representation of saturation in both direct and 
quadrature axes is o f great importance for an accurate steady-state or transient stability 
analyses.
1.2 Objective:
The main objective of this research work is to investigate the effect o f quadrature axis 
saturation on the steady-state and transient stability performances o f a synchronous 
reluctance generator. In order to investigate the effect of saturation, it is essential to 
model the saturation phenomenon properly. So, this research work also aims to develop a 
new saturation model to represent saturation in the direct and quadrature axes o f a 
synchronous reluctance generator.
1.3 Scope:
A new method o f representing magnetic saturation, based on the experimental data, has 
been proposed in this research work. A new linearized model of synchronous reluctance 
generator has been developed to perform steady-state stability analysis o f the generator 
applying the proposed saturation model.
The developed model is based on the following assumptions:
•  Core loss has been neglected
•  Harmonics have been neglected for the voltages and currents
3
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The effect of quadrature axis saturation on the steady-state stability o f a synchronous 
reluctance generator has been investigated using the proposed linearized machine model 
and the proposed saturation model. Eigenvalue analysis has been performed to realize the 
steady-state stability condition o f the generator at a particular operating condition. Effects 
o f different loading conditions such as active power, reactive power, and power factor on 
the steady-state stability have also been looked into. Moreover, the effect o f quadrature 
axis saturation on the transient stability has been investigated for a synchronous 
reluctance generator in the case o f a three-phase symmetrical ground fault at the machine 
terminals.
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4
2.0 REVIEW OF EXISTING MODELS
2.1 Saturation Models
Saturation is a very common phenomenon in nature. Effect of saturation is observable in 
numerous natural phenomena from a simple mixing o f sugar in water to a complex two 
photon interaction [17]. For any electrical machines, saturation o f flux occurs in the 
ferromagnetic core. Analytical treatment of this nonlinear effect in a ferromagnetic 
material requires mathematical representation o f the flux linkage - current relationship of 
the machine winding. This relationship, owing to hysteresis, is a nonlinear function [18]. 
Various mathematical models describing this nonlinear flux linkage and current 
relationship have been proposed by different researchers to represent saturation in the 
electrical machines [19-24]. Researches on magnetic saturation can be broadly classified 
into two groups. The first one is the methods o f incorporating saturation phenomena in 
the machine modelling [25-38] and the second one is to develop methods to represent the 
saturation phenomena accurately [39-41].
The first group of models are applicable to a particular type o f machine such as 
synchronous or induction machine. Different researchers have proposed different 
methods to model saturation in synchronous [25-27], induction [28,29] or synchronous 
reluctance machine [30]. Detailed review o f these models has been done to understand 
the concepts o f saturation modelling and techniques of incorporation o f saturation. 
Different techniques have been employed by researchers to include the saturation in the 
machine modelling such as by varying the effective air gap length [31], flux linkage as a 
function o f total air gap ampere-turns [32]. However, in most of the cases, variable 
magnetizing reactance has been used to incorporate saturation [33-35] due to the
5
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simplicity of the method. Many researchers have used saturation factors i.e. ratio of 
saturated to unsaturated reactance value to represent the change in magnetizing reactance. 
Different types of model have been used to represent saturation factors. For example, 
Simple linear equation o f ampere-turn in [36], polynomial equation o f ampere-tums in 
[37] or using air gap permeance distribution [38]. Though state-space variables i.e. flux 
linkages-currents model [25] has been used more extensively for saturation, a few 
researchers came up with innovative modelling approaches. In [39], auxiliary current 
method has been employed to express saturation. Special methods, such as magnetic 
harmonic function [40], voltage behind reactance model [27], have also been employed 
successfully to represent saturation. Detailed study of these research works has been done 
and a state space model represented by the flux linkage or magnetizing reactance as a 
function o f corresponding ampere-tums has been chosen to represent saturation in the 
machine modelling due to its simplicity.
Different researchers have proposed different mathematical methods to represent the 
saturation characteristics [39,41]. The trend o f modelling accounted for saturation at first 
only on the direct axis [42] then in both d- and q-axis [43]. Recent research also considers 
cross-magnetization (magnetic coupling between d- and q-axis) effect in the 
representation o f saturation [44,45].
2.2 Synchronous Reluctance Generator Models
Research on three-phase reluctance machine started more than half a century ago [46, 47]. 
Most o f the researchers have explored the application o f reluctance machine as a motor. 
Steady-state performance analysis o f synchronous reluctance motor was performed back
6
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in 1971 by Honsinger [48]. Since then, lot of researches have been carried out to analyze 
different aspects of its performance as a motor. Performance analysis o f synchronous 
reluctance motor has been done [49,50] and compared with that o f the induction machine 
[51]. Recent research mainly focuses on improving the control strategy [52,53] or the 
machine drive system for synchronous reluctance motor [54]. For better performance of 
the synchronous reluctance machine, a higher anisotropy is needed in the rotor structure 
and recent researches are focussing on that issue [55,56].
Though the field of synchronous reluctance motor has been heavily explored and 
definitely provides help to realize the operation in the generating mode, field of 
synchronous reluctance generator has brought the attention recently. A self-excited 
reluctance generator was proposed by Rahim et al [9] to overcome the disadvantages of 
induction generators. The steady-state characteristics o f synchronous reluctance generator 
(with two different rotor structures) have been compared with induction generator [57]. 
Attempts have been made to derive a model for reluctance generator by treating it as an 
induction machine [8] but the machine has been stripped off its typical saliency features. 
Review o f these works provides valuable information on the operating principles and 
basic equations of synchronous reluctance generator. Capacitance requirements for 
proper operation in the case o f a self-excited reluctance generator has been investigated 
in [58] as it is a requisite for isolated reluctance generators and the effect o f unbalanced 
capacitance on the steady-state performance o f the machine has been studied in [59]. It 
has been studied that the efficiency o f the system improves with a higher capacitance [60]. 
Steady-state operating limits have been identified in [61] to ensure stable performance. 
Core loss resistance has been included in the steady-state modelling o f synchronous 
reluctance generator by Chan [62] and performance analysis has been carried out for
7
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resistive and resistive-inductive loads [13,62]. Essential information was obtained on 
excitation capacitance requirements and steady-state performance o f synchronous 
reluctance generator from the review o f these literatures. For the betterment of operation 
and characteristics of synchronous reluctance machine, the saliency ratio o f the rotor has 
been tried to increase with different rotor structures. Different rotor structures e.g. 
salient-pole, segmental or flux guided design have been analyzed in [63]. Better 
performance has been achieved by axially laminated rotor structures [64].
Steady-state and dynamic performance o f synchronous reluctance generators have been 
investigated for different loading resistances in order to obtain the minimum loading 
resistance [65]. Dynamic performance has also been studied for sudden connection and 
withdrawal o f induction motor load [66]. Effects o f excitation capacitance on the 
transient performance have been investigated by Rahim et al [15]. A control scheme has 
also been proposed to ensure controlled power transfer from wind turbines using 
synchronous reluctance generator [14].
Available research works on synchronous reluctance generators includes saturation only 
in the direct axis for steady-state models [9,13,57] but do not investigate the effect of 
quadrature axis saturation on the performance o f the synchronous reluctance generator. 
Available transient models [14,15] ignore the effect o f saturation in both the direct and 
quadrature axes. In this research work, an attempt has been made to investigate the effect 
o f saturation, especially the effect o f q-axis saturation, on the steady-state and transient 
performances of synchronous reluctance generator.
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3.0 PROBLEM DEFINITION
3.1 Machine Modelling
The voltage build-up in the case o f a stand-alone synchronous reluctance generator is 
achieved by self-excitation. Self-excitation takes place in presence o f three-phase 
capacitor bank connected to its stator terminal. Self-excitation process attains equilibrium 
due to the action of magnetic saturation. In order to reach an equilibrium or steady 
operating condition, saturation is the main requisite. At equilibrium, the slope o f the 
machine direct axis saturation curve or the direct axis magnetizing reactance o f the 
machine must be equal to the slope o f capacitance voltage-current relationship or the 
capacitive reactance. The current and voltage are simulated for synchronous reluctance 
generator during the self-excitation process considering the saturation characteristic and 
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particular load current and terminal voltage if saturation is considered in the direct 
axis. Where as, for the unsaturated case, the voltage building up does not terminate and 
terminal voltage continues to grow as the equilibrium condition is never been satisfied.
It is important to investigate the effect o f saturation on the performance o f the machine to 
realize the importance of proper saturation consideration on the machine modeling. In 
order to investigate that, different direct axis saturation characteristics have been 
developed along with the original machine saturation characteristics as presented in Fig. 
2. One model is with higher degree o f saturation and the other with lower degree of 
saturation. The unsaturated part o f the characteristic remained the same for all three 
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Due to the unavailability o f literatures on the effect o f saturation on the steady-state 
performance o f synchronous reluctance generator, an already developed steady-state 
model [14] which takes the effect o f saturation into account for direct axis has been 
used to investigate the effect o f degree o f saturation. Simulations have been carried out 
for three different saturation characteristics in Fig. 2. Load characteristics i.e. the terminal 
voltage and load current plot are obtained from the numerical simulation and are given in 
Fig. 3. From the plot, terminal voltage is observed to be increased as the degree of 
saturation decreases for a particular load current. The operating point at which the 
characteristic starts drooping also shifted towards right i.e. increasing the steady 
operating zone as saturation decreases. Thus, the degree of saturation has a prominent 
influence on the steady-state performance o f the machine.
Original sa tu ra tio n  curve  
O ver s a tu ra ted  cu rve  
U n d er s ta u ra te d  curve
Q.
00
>  0.6 - -
0.4 - -
0.2
0.30.1 L oad C urren t (p u ) 0.20
Fig. 3. Load characteristics for different saturation characteristics
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Available transient analysis models for synchronous reluctance generator do not take the 
saturation into account for machine modeling. However, from the transient analysis of 
synchronous, induction or permanent magnet generators [16,67,68], it can be seen that 
saturation greatly influences the transient behaviour of these machines. For synchronous 
reluctance generator, it can be expected that like other machines, saturation will also have 
a great influence on the transient performance. Thus it is important to include saturation 
properly in the both steady-state and transient analysis models. Saturation in the 
quadrature axis will also affect the flux linkage of the machine and thus will influence the 
machine performance. However, state-of-the-art models do not consider saturation in 
the q-axis for steady-state as well as for transient analysis. In order to predict the machine 
performance accurately, the effect o f saturation should be considered in both the d- and 
q-axes. An effort has been made in this research work to accomplish this requirement.
3.2 Saturation Modelling
To investigate the effect of saturation, it is important to have a proper modeling technique 
for saturation function. Existing saturation models for synchronous reluctance generator 
only deal with direct axis saturation. Most o f the existing saturation models employ 
simple piece-wise linearization technique [12,59,65,66] or polynomial function [69-71] to 
represent the saturation curve. However, a more accurate saturation function is needed to 
represent the saturation curves for direct and quadrature axes. As discussed in section 2.1, 
different researchers have proposed accurate methods [39,41] to model saturation for 
synchronous or induction machines at the cost o f increased complexity. This research 
targets to develop a novel method o f representing saturation in the synchronous 
reluctance generator employing a simple model with increased accuracy.
12
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4.0 DEVELOPMENT OF SATURATION MODEL
4.1 Derivation of Saturation Model
Whenever magnetic flux flows through the ferromagnetic material o f any electrical 
machine as the amount of flux increases the material gets saturated. Due to the effect of 
saturation, with the increase o f the excitation ampere-tums the rate o f flux linkage 
decreases. The machine inductance, which is equal to the reactance in per unit system, 
can be obtained by dividing the flux linkage by the corresponding excitation 
ampere-tums. So, saturation can be represented by a decrement in the reactance value. 
Saturation does not occur within a machine at low ampere-tums or at low flux 
concentration. In this zone flux linkage is always proportional to the ampere-tums. For 
any machine, there is a particular value o f ampere-tums at which onset o f saturation takes 
place. The threshold saturation point is called the knee point. A typical saturation 
characteristic o f electrical machines is shown in Fig. 4. From Fig. 4, it can be seen that 
the characteristic has different natures in different operating zones. The initial zone where 
the flux linkage is proportional to the ampere-tums is called the linear or unsaturated 
zone. The end region of the curve where the flux linkage is almost constant and equal to 
the maximum available value of the flux linkage is called constant flux or highly 
saturated zone. In the intermediate zone, though flux increases, rate of flux linkage 
decreases with increasing ampere-turns.
From the test results of electrical machines, experimental saturation curve data can be 
obtained including a few important parameters such as flux linkage at knee point (i//knee)', 
ampere-tums at knee pointful 7 ^ ) ,  maximum flux linkage (y/max) at the maximum 
ampere-tums (ATmax). The objective o f this research work is to develop a saturation
13
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Highly saturated 





Excitation A T [pu]
Fig. 4. Typical saturation characteristic of electrical machines
model using all these experimentally obtained saturation curve data that can represent all 
three zones i.e. unsaturated, transition and highly saturated zones.
This research work develops a single equation, given in (1), to fit all the three regions of 
the saturation characteristic in Fig. 4 with minimum modification.
A T /
¥  = ¥ ,
A Tknee




Mathematically, these three regions can be described as given in (2)
for 0< A T <AT,y/ qc A T  
dy/
dAT
decreases as AT increases for AT. < AT < AT
for AT > AT
> (2)
14
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Unsaturated zone:
In the unsaturated zone, if it is assumed that the value of K  is very large compare to the 
ratio of operating and knee point ampere-tums, i.e. K  »  A T /A Tknee , then the value o f the 
denominator in (1) becomes almost equal to K  i.e. K  + A T/ ATknee & K  . With this 
assumption, flux linkage becomes proportional to the ampere-tums. Thus, from (1), (3) 
can be obtained which satisfies the fitting criterion in the unsaturated zone.
Highly saturated zone:
In the highly saturated region, if it is assumed that the value o f K  is very small compared 
to the ratio of operating and knee point ampere-tums, i.e. K « A T / A T knee, then the 
value o f the denominator in (1) becomes almost equal to the value o f the numerator i.e. 
( K  + A T / ATknee) » A T / A T ^  . With this assumption, flux linkage becomes almost
constant and equal to the maximum flux linkage value. Thus from (1), (4) can be 
obtained satisfying the criterion for the highly saturated zone.
Intermediate transition zone:
In the transition zone, as the excitation increases, the flux linkage should increase but the 
rate o f increment should decrease. The value o f the ratio o f operating and knee point 
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A T /
As A T  increases => ^  V ^  a n d  '  Arr, / ee—  increase => w increases (5)/A T kme K  + A T /
/  knee
At any point on the curve, the rate at which flux linkage increases is equal to the slope of 
the curve {yz/AT)  at that particular point. As ampere-tums increases the value of
denominator in (1) increases and thus the value o f the slope decreases.
¥  _ ¥ maxFrom (1), the slope o f the curve can be written by
A T  K A T kme + A T
As A T  increases => (K  ATknee + A T}  increases => decreases (6)
With these assumptions regarding the value of K, (1) can be fitted in all three region of 
the saturation curve. A constant value o f K  could be assumed if the maximum value of 
flux linkage that the machine can achieve is exactly known. Experimentally, it is not 
possible to determine that value. In this modelling approach, in stead of a fictitious value 
o f maximum flux linkage, the value o f flux linkage at the maximum measured 
ampere-tums will be considered as the maximum flux linkage. To accommodate this 
consideration, the value of K  has to be a variable starting from a zero value at maximum 
ampere-tums to an unsaturated reactance dependent value at the zero ampere-tums.
To have y/ = y/max at A T  = ATmax, from (1), the value of K  must be zero. To have
y/ oc A T  in the unsaturated zone, the value of K  must be {y/max/ ATkneeX umal) . The value
o f K  should decrease with increasing ampere-turns to fulfil the assumptions. Different 
numerical expressions e.g. exponential, sine hyperbolic have been used to express the 
decreasing nature o f K  to find out the best fit o f the measured saturation curve data points. 
Following equations are used to fit the decreasing nature o f K.
16
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/
maxModel 1: K  = CX+C2 exp C3 (7)
v
/
maxModel 2: K  = Cxsinh C2 (8)
v




The value o f the coefficients C/, C2 and C3 in (7)-(9) has been estimated to yield 
minimum error or to improve the goodness o f the fit for the three models in (7)-(9). The 
best fit has been chosen based on the following criteria
Reduced x-square goodness o f the fit technique has been used to measure the accuracy 
of the model and the parameter estimation. For each model, different combinations of 
constants have been used and the combination which yields the minimum reduced x  
-square value has been taken using an iterative calculation process. The value o f x-square 
can be obtained from following equation.
p
Reduced x-square = x  / degree o f freedom
Degree o f freedom = no. of measured data points considered -  no. of coefficients used
From the obtained result, as will be described in the following 4.2 section, the model 
which yields the best result for the particular synchronous reluctance generator will be
17
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chosen and employed to represent saturation characteristics in the steady-state or transient 
stability analysis.
4.2 Numerical Investigations
Numerical investigations are carried out to validate the performance o f developed 
saturation model. Saturation model has been verified for a 3 phase, 0.37 kW synchronous 
reluctance generator [61] with the following machine parameters as given in Table 1. The 
machine is rated at 400 Volt, 2.7 Amps, 60 Hz and 3600 rpm. Different models in (7)-(9) 
as stated in section 4.1 have been employed to fit the d- and q-axis saturation curves of 
the machine. Reduced x-square method [72] has been applied to measure the goodness 
of the fit. Correlation coefficients are also calculated for that purpose.
Table 1: Machine parameters
Rated power 0.37 kW
Rated voltage 400 V
Rated speed 3600 rpm
Unsaturated d-axis reactance 1.267 PU
Unsaturated q-axis reactance 0.317 PU
Leakage reactance 0.0317 PU
Armature resistance 0.0392 PU
d-axis damper reactance 1.0 PU
q-axis damper reactance 0.3 PU
d-axis damper resistance 0.03 PU
q-axis damper resistance 0.02 PU
Mechanical inertia 3.795 Sec
Damping torque coefficient 0.0
18
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From the x-square equation as given in (10), it is evident that lower the value o f x  
-square better is the goodness o f the fit. For correlation coefficient, if the value is closer 
to one, better the fit. Fittings for direct axis saturation curve and quadrature axis 
saturation curve have been shown in Figs. 5 and 6 using different models in (7)-(9).
From Figs. 5 and 6, it can be seen that all the models yield both d- and q-axis saturation 
curves with considerable accuracy. Particular portion o f the curves are zoomed for a 
better comparative view and given in Figs. 7 and 8. To compare the goodness o f different 
models, an iterative numerical analysis has been used to compute the reduced x-square 
and correlation coefficient and results have been given in Table 2.
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M o d e l 3
-  - M o d e l 1
0.2
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0 2 43
Am pere-turns (pu)
Fig. 5. Fitting o f d-axis saturation curve by different models
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Fig. 6. Fitting of q-axis saturation curve by different models
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Fig. 7. Fitting of d-axis saturation curve by different models (zoomed view)
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Fig. 8. Fitting of q-axis saturation curve by different models (zoomed view)
Table 2: Comparison o f different models for goodness o f the fit
Model X-Square Reduced X-Square R2
d-axis q-axis d-axis q-axis d-axis q-axis
Model 3 .0023 .00069 9.88 E-05 2.78E-05 .9996 .99995
Model 2 .0041 .00095 17.7 E-05 3.82 E-05 .9991 .99991
Model 1 .0039 .00082 16.8 E-05 3.27 E-05 .9996 .99961
Polynomial .0027 .00099 11.9 E-05 3.97 E-05 .9991 .99983
From the above table, it can be seen that the model 3 given in (9) yields the best result for 
both direct and quadrature axes. Thus, the following equation as given in (11) will be
21
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employed to represent saturation in the steady-state and transient machine model 
development.
A T  + AT.knee C, sinh
r c  ATmax- A T '
A T
+ C,
r ATmax- A T V
knee J ATknee J
( l l )




Synchronous reluctance generator can be operated in isolated or grid connected mode. 
For isolated system, external capacitances are added across the stator terminals to provide 
the necessary excitation. For grid connected machine, external capacitances can be 
removed as the required excitation is obtained from the grid. A schematic diagram of 
synchronous reluctance generator with external capacitances is given in Fig. 9.
For isolated generator, terminal voltage builds up by the action o f self-excitation. Once 
the rotor is rotated using an external prime mover, the small residual flux in the rotor 
creates a small voltage across the stator terminals. As capacitances are connected across 
the stator terminal the same voltage is applied to capacitances also causing a flow of 
small capacitance current. The small capacitance current flows through the stator 
windings creating more flux which adds with the residual flux to increase the voltage 







Fig. 9. Schematic diagram of wind turbine driven synchronous reluctance generator
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the voltage at terminals. This process continues until a stable point is reached depending 
upon the degree o f magnetic saturation and the external capacitance value. The reactive 
power need o f the load is completely supplied by the capacitance where as the active 
power is supplied by the generator. Most important drawback for grid connected 
machines without capacitance is that the required excitation is supplied by the grid so the 
generator can operate under leading power factor condition.
5.2 Phasor Diagram
The steady-state operating condition can be described by the space phasor diagram. Fig. 
10 describes the phasor diagram of a grid connected synchronous reluctance generator 
with external capacitances supplying a lagging load. From Fig. 10, it can be seen that 
the stator current is the phasor sum of the load current and the capacitance current. All 




- I , - I
Fig. 10. Phasor diagram o f a synchronous reluctance generator with a lagging load
24
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
quantities. All the resistive and reactive voltage drops are also shown in the diagram.
5.3 Steady-State Modelling
Capacitance Equations:
From the phasor diagram in Fig. 10, voltage at the generator terminal voltage can be
resolved into corresponding d- and q-axis components and is given by:
V,=Vd + jV q
Where Vd =Vt sin S  (12)
Vq =Vt cos S  (13)
If the initial value o f the load angle is£„, applying method of linearization on (12) and 
(13), (14) and (15) can be obtained.
AVd =Vt cosS0AS (14)
AVq = -Vt sinS0AS  (15)
As external capacitances are connected across the stator terminals, so the same terminal
voltage will be applied across the capacitance and the current flowing through the
capacitance leads the terminal voltage by 90° and can be written as:
' c  = l t c  ( ,6 )
-  ^  ( .7 )
Jx c
Resolving the capacitance current into corresponding d- and q-axis components, 
following can be incurred.
~ ^cd + J^cq (18)
25
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Using (12) and (13) in (17), capacitance current can be written as follows:
J  V t X  - V t  • JfI n  = —— c o s o - i ——sm<?
X c  X c
Comparing (19) with (18), d- and q-axis components o f capacitance current can be 
expressed in terms o f d- and q-axis voltages as given in (20).
(1 9 )
V V
h d  = ^ 7~cos 8  and I cq =  ---*-sin<5
A c  A rLC '
Applying linearization to (20), (21) can be found.
















From the phasor diagram in Fig. 10, the capacitance current Iq = I t ~ h -  Resolving 
these currents into their corresponding d- and q-axis components and equating 
corresponding quantities (23) and (24) can be obtained.
h d = l d ~ h d  (23)
1cq Iq  1Lq
Linearizing (23) and (24), (25) and (26) can be obtained respectively.
A I cd  -  X I d  ~  A I L d




Replacing the values of linearized d- and q-axis capacitance currents from (21) in to (25) 
and (26) following equations can be obtained.
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A I q = A I Lq - - T - c o s  SqA S (2 8 )
Damper currents in the generator are independent o f load angle change. Linearized d- and 
q-axis stator currents, along with d- and q-axis damper currents can be written in 
following matrix form as given in (29).
vt
A  h Ah d
A lkd\ A  lkd\
A tq MLq v,
A ^ i A  Ihql Xc
-sin^o 
0
- COS Sq 
0
[AS] (29)
For ease o f representation, the above matrix equation can be re-written by expressing 
those matrices by their symbolic representation in the following manner.
[A/'] = [A /]-[A/c ] (30)
Generator Equations and Mechanical Equations:
In this research work, the synchronous reluctance generator model has been developed 
considering one damper winding in each axis. The generator equations are given as 
follows:









~ ^ 0Vd +a)0Ra Id +C0Vq 
= O)0Vq+OJ0RaIq-(Oy/d








 =  CO -  (On
d t  0
(35)
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Electromagnetic Torque Equation:
Te=(y'dIq -V'qId)  (3 7 )
Linearized d-axis stator flux linkage equation (38) can be obtained by linearizing (31).
A~df~ = +(°VRa^ld +®0 + ^ 0 A<a
= co0Vt cos S0A S  + 6)0Ra (A IL d + AIcd) + a)0A i//q + i//q0A a
= co0V, cosSqAS  + o)QRaA Iid -  sinS0A S + coqA y/q + y/qQAco
x c
d  (  R  )A -  = coqAy/ + o)QVt c o s S q  ^-sin^o Ad + y/qQAa> + o)QRaAILd (38)
dt \ x c )
Similarly, linearized q-axis stator flux linkage (39) can be obtained from (32).
di//„
A = co0AVq + a 0RaAIq - a 0Ay/d - y /d0A(O
= -coQVt sin S0A S  + o0Ra (A ILq + AIcq) -  a 0A y/d -  y/d(iA(o






sin S() h— —cos Sq 
X C  j
^ - v / d0Ao + a)0RaAILq (39)
Linearized d- and q-axis damper flux linkages (40) and (41) can be obtained from (33) 
and (34) respectively.
A = ^ RkdxAIm  (40)
A ^ j T  = -°)oRw A1w  (41>
Load angle equation (35) and speed equation (36) can be linearized to obtain (42) and (43) 
respectively.
28
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
J 8  AA—  = A a  
d t
(42)
(43)A ^ -  = f^ [ & Tm -ATe - K DAc»]
Linearized electromagnetic torque equation (44) can be obtained from (37).
ATe = + IqOA V 'd -Y q O ^ d  " 4 / 0 A Vq
=  WdO (A II.q +  AIcq ) + Iq0A Vd ~ VqG (AIid  + AIcd ) ~ IdOA V/q
ATe = VdO^Lq - ~ ^ - c o s S 0A S  + Iq0Ai//d -W q d ^ L d  + ^ ^ - s i n ^ 0 A < 5 - lM Ay/q (44)
A C A c
(43) can be re-written by replacing the electromagnetic torque by its extended equation 
given in (44) to obtain the following equation.
A^  = a Ar i  B ^ J O - cosSoAS
d t 2 H  m 2 H  2 H  Lq 2 H X r
 i n ----——— costfnAd +
C u
® o ^ o  . ^oVqO  . ,  0)QVt y / 0 , CO0 i d0
 — Aw d ---------— AI fd + -------—  sin^0A<5-----V -^A i i / -
2 H  d 2 H  Ld 2 H X r  2  H  g
(45)
Arranging (38) -  (42) and (45) in matrix form, following equation can be obtained.
= [^][AA] + [5][A/] + [C][Arm] (46)A X
Where, [ /]  is the current matrix, [Tm ] is the external prime mover torque matrix and















A S J ^ k q l
Aco
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|A], [5], and [C] are matrices consist of machine parameters and initial operating 
conditions and are order of 6 x 6 ,  6 x 4 , and 6x1 respectively and are given below.
16x6
\6x4
0 0 w0 0 co0V, cosJq -----—sin <?o
x c
VqO
0 0 0 0 0 0




Ra o —*-COS On




0 0 0 0 0 0
0 0 0 0 0 1
^0^0  
2 H
0 ^0^0  
2 H °  2 HXc ^ d° COsS°
0>oK D
2 H
’ Ra 0 0 0
'  0 '









~eoQ Rkq\ lcL, -
0
0











The stator and rotor winding flux linkages can be expressed in terms o f machine currents 
and reactances as follows:
W d {,X mds +  X l ) ^ d  +  X mds^kd\
V k d \ ~  ~ X m dsI d  +  ( X mds +  X kd\ ) h d \
(47)
(48)
’ (  X mqs X I ) j l q  X mqs^kq\ (49)
Wkq\ ~~ ~ X mqs^q + iyX mqs “l" X kq\ ) ^kq\ (50)
Linearizing (47) -  (50), linearized flux equations can be obtained as given in (51)-(54).
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R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
A lP'd -  ” ( X mdsO +  X l ) AId  +  X mdsOA Ikd\ dQ~ 1 k d \o )  ̂ m d s
A V kd\ =  ~ i ,X m d so )A ^d +  ( X mdsO +  X k d \) A^kd\ —(^  d O ~ ^ k d \o )A X mds 
A V  q ~  ~{^X mqsO X I )  X mqsOA fq X  ~ \ f  q 0 ~ ^ k q \0 ^ A X  mqs
A V/ kq\ ~  ~ [ X mqsO ) ^ q  +  (X mqsO +  X kql ) ^ k q l  ® _  (-^qO~^kqlO ) ^ m q s
Re-writing (51) -  (54) in matrix form, following equation can be derived.








~{X mdsO + X l ) X mdsO 0 0
~X mdsO (X mdsO X kd\ ) 0 0
Where, \ X 4  ~ 0 0 ~{X mqsO X l ) y mqsO
0 0 y mqsO (X mqsO X kql
[//»«] =
~(^o~^wio)  0
- (^dO“ f̂c/lo) 0
0 - ( ^ o - / ^io)
0 - ( ^ 0 _ ^ lo )
Representation o f  Saturation:
The machine equations are largely dependent on the flux linkages within the machine and 
thus it is important to take into account their values properly. Accurate values o f flux 
linkages can only be achieved by considering the effect of saturation. The magnetic flux 
linkages can be used to obtain the magnetizing reactances. Saturation in ferromagnetic 
core reduces the value o f reactance, thus the effect of saturation can be taken into account 
by an equivalent change in reactance. In this steady-state machine model the effect o f 
saturation has been considered only for direct and quadrature axis magnetizing reactances.
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From the saturation model developed in section 2.1, d- and q-axis magnetizing reactances 
can be represented as a function o f their corresponding ampere-turns
V m d  max
Xmds ~ '
+  A T d  knee Cd] sinh
X  = •
(  A T  -  A T  \
^  / i l d  max / i l d
dl A T\  d  knee j
¥ mq max
+c. ' a t ,  „ - a t Xd  3 A Td  knee
mqs
A T + A Tq q knee CqX sinh




'  ATqmax- A T qV 
A T^ q knee J
(56)
(57)
Linearizing (56) and (57), following equations can be derived.
A X ^ ^ K ^ A A T ,




Where, K ds = -----=*-







f  „  ATdmax- A T d ^
^dl
V ATd  knee
+ 2C.
ATd max AT,,
d  3 AT
--1
d knee
'  ATqmax- A T q^ 
v ?2 AT, ^  J
AT - A T




In per unit system the following relations hold good for ampere-tums and currents.
\A T d \ = \ - I d + Ik d \ \  (62)
(63)
Linearizing (62) and (63) and substituting the result in (58) and (59), (64) and (65) can be 
derived.
^m ds ~ Kd, (AId AIm  )
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[X a ][A l’] (66)
Where,
U d O ~  I k d l o ) K ds ~ ( Jd O ~  J k d \ o ) K ds  0  0
( f d 0 ~ f k d \ 0) K ds ~ ( f d 0 0  0
6 0 ( I q O ~  ^kq lO^^qs ~ ^ q 0  ~  ^ k q \0 ^ ^ q s
0  0  (Iq O  ~  I k q \ d ) K q S {IqO  ~  ^kqlO  ^ ^ q s
Using (66) in (55), following can be obtained.
[A ^]= [JfjlA /']+ [jfa ][A/']= [XReacjA 1'] (67)
As all the fluxes or the flux matrix is a subset o f the state variable matrix (67) can be 
re-written as:
[ A X ] = [ X Reac j AI ' ]
Rewriting (69), (70) can be obtained.
[M’]= [XReacJl [ AA]
(68)
(69)
(70)Using (30), current matrix can be written as [Al] = [XReacJ ] [AX] +[A/C ]
Using (70) in (46), machine equation can be written as:
AX = Reac~\
=  ( [ 4 +  [Bl X Reac J1) M  + [5][A/C >  [C][ATm ] (71)
From the capacitance current equation in (30), capacitance currents can be represented as 
a function o f load angle and capacitance current matrix can be written in terms o f the 
state variable matrix as given in (72).
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0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0
[ A X ]
0 0 0 0 





0 0 0 0 0
= [F ] [  AX] (72)
(71) can be re-written by replacing the capacitance current matrix by the state variable 
matrix as given in (72).
From (74), it can be seen that changes in state variables are governed simultaneously by 
the state variables and the external variables. Matrix [/>] which is associated with the 
state variables in (73) is called the state-matrix of the system.
Calculation o f  Elements o f  State-Matrix:
For the system under consideration, elements o f the state-matrix can be expressed in 
terms o f machine parameters and operating conditions as described in this section.
A X  = Reac J"
(73)
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From (73), state matrix can be written as:













^ d O  
2 H
0 a>oVt cosSy 
0 0











Using (75) in (74), state-matrix can be written as given in (76).
For further calculation, the elements o f [ ^ eac] are assumed as follows:
[X Reac] = [X s H Xa]=
*11 x 12 •*'13 *14
x 2 \ x 22 *23 *24
*31 *32 *33 *34
*41 *42 *43 *44
Where,
*11 =  ~ (X mdsO +  X l )  +  ( !dO ~  Ikd l())X mduK ds 
*12 — X mds0 ~  (IdO ~  ^kd\ 0 )X mdu X ds 
*21 =  ~ X mdsO + O d 0 ~  l k d \o )X ds
*22  =  (X mds0 +  X kd\)  _  VdO ~ !kd\o)K ds 
*33 — ~(X mqsO + X l)  +  UgO — ^kq\0 )X qs
*34 — X mqs0 ~ (^q0 ~ ̂ kq 10 )X qs
(75)
(76)
*43 X mqs0 i^qO ^kq\ 0 ) X qs
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x 44 (XmqsO ^ k q O  (*<jrO ^kq 10 ) R qs
X]3 = x H  = x 23 = X24 = x31 = x 32 = x41 = x42 = 0
Performing matrix inversion on \_XReac], [7?] can be obtained and given as follows
x 22 -Xj2
xl \x22 ~ X\2X2\ X1 lx22 ~ X\2X2\ 
~*21 *11_____









*33*44 ~  *34*43 x33x 44 ~  x34x 43
~*43 x33
X33X44 — X34X43 X33X44 — X34X43
Using the values inversed matrix [/?], following equation can be expressed as follows
[ B ] [ X ReacJ l = [ 5 p ]
a()RaR\i 6JnRaRn  0 0
~a0Rkd\R2\ ~a)0RkdlR22 0 0
0 0 m{)RaR33 6)0RaR34
= 0 0 -ct)0Rkq]R43 - coqR ^ iR ^
0 0 0 0
<»0V'q0RU °WqQR\2 eo0V/d0R34
2 H 2 H 2 H  2 H _
From (76), final state-matrix can be derived as follows
*11 *12 Wq 0 w0Vt cosS0 WqO
*21 *22 0 0 0 0
-0)q 0 *33 *34 -o)0Vt s\nS0 -VdO
0 0 *43 *44 0 0
0 0 0 0 0 1
Ô-̂ rO
2 H *62




R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Eigenvalue analysis can be performed on the state matrix to obtain information on the 
steady-state stability of the system. Each o f the six eigenvalues corresponds to one state 
variable. Real part o f the eigenvalue corresponds to the nature o f oscillation due to any 
disturbance. For the system to be stable, the oscillation should die out with time which is 
indicated by a negative real part. Positive real part implies increasing oscillation which 
leads to instability. The imaginary part indicates the frequency o f that oscillation. For any 
system, all the eigenvalues obtained from the analysis should indicate stability. Thus, all 
the eigenvalues must have a negative real part. More negative the real part, more stable is 
the system.
5.4 Results of Steady-state Analysis
A software program has been written to compute the initial values from the operating 
conditions as based on the flow diagram given in Fig. 11. The state matrix o f a given 
synchronous reluctance generator system is formulated to calculate the eigenvalues of 
that state matrix for only direct axis saturation and for both direct and quadrature axis 
saturation as shown in the flow diagram given in Fig. 12.
Steady-state stability has been analyzed with only d-axis saturation and then both d-and 
q-axis saturation to investigate the effect o f q-axis saturation. Analysis has been carried 
through on the state-matrix o f the system derived from the developed machine model for 
different loading conditions i.e. active power, reactive power, and volt-ampere. Effect of 
excitation capacitance and load power factor have also been looked into. The eigenvalues 
corresponding to the mechanical oscillation have been plotted on the real and imaginary 
plane to investigate the stability status o f the synchronous reluctance generator.
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Input operating condition: va,v„C,powerfactor
Input machine parameters: Ra,x„Klu_xmq„,xh x kcn,x kqhRkqi,RkqUH,KD




g(«) = tan-i f IfoXqo cosa + I,0Ra sina
V, + 1,0Ra cos a  -  ImX qo sin a  J
= / ,oSin[8(") - a j , / ?0W = /,0cos|8(", - a j
n =  « + l
Option 1: Only d-axis saturation 
Option 2: Both d- and q-axis saturation
Compute x mds(" \x mq}n) from d- and q-axis Compute x mdsw) from d-axis
saturation curves respectively saturation curve
x do = x „ J ”)+x h x q0 = x mq}”U x , x d0 = x mJ " K x h x q0 = x mqu + x,
g(»+0 _ tan-l [ IqoXqQ !dpRg
 ̂ dpXdp — IqpRa
W n+l) = ho  sin(e + 6*”+l)) -  ho cos(s("+1) J 
hoin*]) = h.o c°s(6 + 8*"+l' |  + Ic0 sin|8^"+1)|
No
Calculate vd,vq,rd0,v'qo^kduV/kqi
C Initial value calculation ends
Fig. 11. Initial value calculation from given operating condition of a synchronous reluctance generator
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c Steady-state analysis ends
Option 1: Only d-axis saturation 
Option 2: Both d- and q-axis saturation
Compute [ x Reac~] using (67)
Compute [p ] using (72)
Eigenvalue analysis o f State-Matrix [p]
Compute State-Matrix
Compute Kds from d-axis 
saturation curve
Substitute x mds and x mqs in (66) using saturation model
Compute [Jfj] and using their
corresponding definition given in (55)
Compute \_A~\, [b] and [c] using their 
corresponding definition given in (46)
Obtain from initial value calculation
Compute Kds and Kqs from d- and q-axis 
saturation curves respectively
Compute [a], [b] and [c] using their corresponding definition given in (46)
Fig. 12. Flow chart o f steady-state analysis
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Fig. 13 shows the locus of eigenvalues for different active power output. It can be seen 
from this figure that with an increase in the active power demand the locus is shifting 
towards right for only d-axis and both d- and q-axis saturation. Thus system stability 
decreases with increasing active power demand. It can be seen that there is a considerable 
discrepancy between the result calculated by considering only d- axis saturation and the 
ones by considering both d- and q-axis saturation.
Fig. 14 shows the locus o f eigenvalue for different reactive power. It can be seen from the 
graph that with an increase in the reactive power demand the real part o f the eigenvalue is 
becoming less negative for only d-axis and both d- and q-axis saturation. Thus system 
stability decreases with increasing reactive power demand. Discrepancy between results 
obtained with only d-axis saturation and both d- and q-axis saturation is also prominent 
from the results.
Fig. 15 shows the locus of eigenvalue for different volt ampere demand o f the load. As 
the volt ampere demand o f the load increases the real part of the eigenvalue tends to shift 
towards the imaginary axis for only d-axis and both d- and q-axis saturation. Thus with 
increased volt ampere the system becomes more unstable. Fig. 15 also shows that a 
noticeable difference exists between results with only d- axis and both d- and q-axis 
saturation model.
Fig. 16 shows the change in eigenvalues corresponding to excitation capacitance changes. 
It can be seen that increase in the excitation capacitance value, increases the system 
stability for only d-axis saturation and both d- and q-axis saturation. However, the 
discrepancy between two models increases with increasing capacitance.
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Fig. 13. Eigenvalue corresponding to mechanical oscillation for different active power demand
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Fig. 14. Eigenvalue corresponding to mechanical oscillation for different reactive power demand
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- -  0.98 t3
VA =  0.4
- -  0.97
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Fig. 15. Eigenvalue corresponding to mechanical oscillation for different volt ampere demand
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Fig. 16. Eigenvalue corresponding to mechanical oscillation for different excitation capacitance
42
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Effect o f load power factor has been demonstrated in the Fig. 17 and Fig. 18. The system 
reaches closest to the instability at around 0.9 lagging power factor and stability improves 
as the power factor becomes more leading or more lagging as shown in Fig. 17. The 
discrepancy between only d-axis saturation and both d- and q-axis saturation is smaller in 
the case o f lagging power factor than that o f the leading power factor operation. The 
discrepancy becomes more prominent as the system operates at more leading power 
factor.
It can be seen from the results o f steady-state analysis that inclusion o f saturation in the 
quadrature axis affects the machine stability prediction and hence effect o f saturation in 
the q-axis should be considered for steady-state stability analysis model of synchronous 
reluctance generator.
- 0.58 T
considering d-axis saturation only





0.8 0.8 0.4 0.20.2 0.4 0.6 UPF 0.6
Power Factor
Fig. 17. Real parts of Eigenvalue corresponding to mechanical oscillation for 
leading and lagging power factor
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considering only d-axis saturation
considering both d- and q-axis 
saturation
0.8 0.6 0.20.2 0.4 0.6 0.8 UPF 0.4
Power Factor
Fig. 18. Imaginary parts of Eigenvalue corresponding to mechanical oscillation for 
leading and lagging power factor




Transient analysis has been performed on a synchronous reluctance generator for a 
three-phase symmetrical fault at the machine terminals. Initial values o f the parameters 
have been calculated for a given operating condition using the procedure as described in 
the initial value calculation program as shown in Fig. 11. Transient analysis has been 
carried out by solving machine differential equations using fourth order Runge-Kutta 
method [12].
At the initiation o f the fault, the terminal voltage becomes zero and all the differential 
equations, stator and rotor voltage equations in (32)-(35), mechanical equations in 
(36)-(37) and electromagnetic equation in (38) have been solved to obtain the values of 
the parameters e.g. fluxes, currents, load angle, speed and torque in each time step. In 
each time step, fourth order Runge-Kutta method has been employed to solve those 
differential equations using the coefficients of Runge-Kutta method and the values o f the 
above stated parameters from the previous time step.
The newly obtained values have been used as the initial values for the time step. At the 
clearance of the fault, the terminal voltage is again restored to its original value. For a 
stable system, after a few oscillations the system reaches equilibrium and the parameters 
are again restored to their original values. A software program is written to carry out this 
analysis and the flow diagram has been given in Fig. 19.
6.2 Results of Transient Analysis
Transient analysis has been performed for a three-phase symmetrical ground fault at the 
terminals o f the machine. Changes in load angle, speed, electromagnetic torque and other
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Obtain vd,vqvd0,i//q0,Vu\,Vkq\ fr°m initial value calculation
Time t = 0
t= t  + t_ step
t < rfault: Vt =1.0  
t clear > t > /fault: Vt -  0.0 
t > t clear: V -  1.0
Solve following differential equations using Runge-Kutta method
dy/
G)0Vd +co0RaI d +a>t{/a = co0V +o)0RaI  -co y /d
^O^kdrkdl -  - cOqRl̂ JIcql1 kq\
{Tm-Te -K D(o) -  = (o-
Option 1: Only d-axis saturation 
Option 2: Both d- and q-axis saturation
Compute Xmh{"] and x mqs(n) from d- and q- 
axis saturation curves respectively
X<lo = XmJ n) + Xh x q0 = x mq} ”U x ,
Compute x mJ n) from d-axis 
saturation curve
x M = x mdŝ  + xh Xq0 = x mqil + x l
Calculate T., p  and Q
Transient analysis ends
Fig. 19. Flow chart of transient analysis
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quantities have been investigated for only d-axis saturation and both d- and q-axis 
saturation. The fault was initiated at time .05 s and was cleared after 0.05 s.
Fig. 20 shows the transient variation o f the load angle of the generator. From the graph it 
can be seen that there is a discrepancy in the oscillation between only d-axis and both d- 
and q-axis saturation model. Once the fault is cleared, the load angle reaches its original 
value after oscillation at around 1.5 second. The speed o f the generator comes back to its 
original value after some oscillations as shown in Fig. 21. The variation active and 
reactive power because of the fault can be observed from Fig. 22. As soon as the fault 
occurs, the power output, both active and reactive becomes zero and reaches it previous 
value once the fault is cleared for only d-axis and both d- and q-axis saturation. The 
variations o f d- and q-axis stator flux linkage and damper flux linkage have been shown
32
saturation
Considering both d- and q-axis
Considering only d-axis saturation
1.5
-8 Time (s)
Fig. 20. Transient variation o f load angle
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0.50 1 1.5Time (s)
Fig. 21. Transient variation of speed
1.4 T
.05 --
— ~ P (Considering only d-axis saturation )
Q (Considering only d-axis saturation )
0.35 --
 P (Considering both d- and q-axis saturation )
 - Q (Considering both d- and q-axis saturation )
1.50 0.5 1Time (s)
Fig. 22. Transient variation of active and reactive power
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in Fig. 23 and Fig. 24. Fig. 23 shows the variation of d-axis fluxes for only d-axis 
saturation and both d- and q-axis saturation. Fig. 24 shows q-axis flux transients for only 
d-axis and both d- and q-axis saturation. All the fluxes reaches back their corresponding 
steady-state value after a few oscillations at around 1.5 second.
Transients o f d-axis stator current and damper current for only d-axis saturation and both 
d-and q-axis saturation have been shown in Fig. 25. Fig. 26 shows the q-axis stator 
current and damper current transients for only d-axis saturation and both d-and q-axis 
saturation. Damper currents in all the cases reach back to its steady-state zero value at 
around 0.5 second and stator currents also come back to their corresponding steady-state 
value. Figs. 20-26 show that the inclusion o f q-axis saturation changes the dynamics of 
the transient behaviour of the generator.
1 .2 4  T
0.93
Fluxd (Considering only d-axis saturation)
a  0.62 --
Damepr_flux_d (Considering only d-axis saturation)
-  - Flux d (Considering both d- and q-axis saturation)




-0.31 -1- Time (s)
Fig. 23. Transient variation of d-axis flux linkages
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- 0 .4 6  - -
-0.69 --
- 0 .9 2  ■*-
 Flux_q (Considering only d-axis saturation)
 Damper flux q (Considering only d-axis saturation)
   - Flux q (Considering both d- and q-axis saturation)
 Damper_flux_q (Considering both d- and q-axis
saturation)
Time (s)
Fig. 24. Transient variation of q-axis flux linkages
d-Axis stator current (Considering only d-axis saturation)
d-Axis damper current (Considering only d-axis saturation)
-  - d-Axis stator current (Considering both d- and q-axis saturation)
5.5 -■
 d-Axis damper current (Considering both d- and q-axis saturation)
0.6 0.80.2 0.4
Time (s)
Fig. 25. Transient variation of d-axis currents
50
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
8.4 T
q-Axis stator current (Only d-axis saturation)
q-Axis damper current (Only d-axis saturation)
q-Axis stator current (Both d- and q- axis saturation) 
 q-Axis damper current (Both d- and q- axis saturation)4 .2  - -
S3U
0 .4 0.6
- 4 .2  - -
- 8 .4  -1- Time (s)
Fig. 26. Transient variation o f q-axis currents
The machine was subjected to a fault o f longer duration o f 300 milliseconds. Depending 
upon the operating condition, the generator reaches stability after missing pole for one or 
more cycle. From Fig. 27, it can be seen that with only d-axis saturation the machine 
reaches its stability after 3 pole slipping at around 2 seconds. However, for both d- and 
q-axis saturation, the stability is regained only after 2 pole slipping at around 1.4 seconds. 
From Fig. 27, it can be understood that the pole slipping phenomenon is also affected by 
the inclusion o f q-axis saturation. This can be further established by investigating the 
critical fault clearing time of the system. The system has been investigated with only 
d-axis and both d- and q-axis saturation for three different scenarios e.g. stable, 
marginally stable and unstable system as shown in Fig. 28 and Fig. 29 respectively.
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Fig. 27. Pole slipping o f synchronous reluctance generator at higher fault duration
120 T
 Stable case
 Marginally stable case
 Unstable case
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Clearing time 0.2712 s
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Fig. 28. Critical fault clearing time for only d-axis saturation
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120  Stable case
 Marginally stable case
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Clearing time 0.2765 s
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Fig. 29. Critical fault clearing time for both d- and q-axis saturation
The critical clearing time has been found to be of 0.2765s with both d- and q-axis 
saturation and 0.2711s with only d-axis saturation as given in Table 3. Thus, it can be 
observed that the fault clearing time o f the system has also been considerable affected by 
the inclusion o f q-axis saturation in the machine modeling.
Table 3: Critical fault clearing time with different saturation model
Critical Fault Clearing 
Time
With only d-axis 
saturation




0.27083 s 0.27625 s 5.42 milliseconds
Load angle at clearing 
time
61.2° 65.9° 4.7°
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7.0 CONCLUSION
In this research work an attempt has been made to perform stability analysis o f a 
synchronous reluctance generator. From the outcome of this work on synchronous 
reluctance generator followings can be concluded:
•  A novel saturation model, based on experimental data points, has been 
developed and the developed saturation model can represent the d- and q-axis 
saturation curve accurately and it can easily be included in the proposed 
synchronous reluctance generator model.
•  A new steady-state stability analysis model has been derived based on the 
method of linearization and proposed saturation model.
•  Steady-state stability analysis has been carried out employing the developed 
model with only d-axis saturation and both d- and q-axis saturation to 
investigate the importance of inclusion of quadrature axis saturation in the 
machine modeling. From the results o f the steady state stability analysis with 
only d- axis and both d- and q-axis saturation, it can be concluded that inclusion 
o f quadrature axis saturation does affect the performance o f the steady state 
stability analysis model.
•  Transient stability analysis has been performed with only d-axis and both d- and 
q-axis saturation to investigate the importance of inclusion of quadrature axis 
saturation in the machine modeling. From the findings o f the transient analysis, 
it can be said that the effect o f quadrature axis saturation is also prominent on 
the performance o f the transient stability analysis model.
•  From the findings o f this research, it can be seen that with the inclusion o f the 
quadrature axis saturation, predictions of steady-state and transient stability
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models have been changed moderately. Thus, it is recommended that for more 
practical and reliable performance, synchronous reluctance generator stability 
analysis models should include quadrature axis saturation in the modeling. 
However, further research in this area can investigate the effect o f cross 
magnetization phenomena on both the steady state and transient stability 
analysis.
•  Transient stability analysis for different types of fault such as single-phase 
ground fault or line to line fault shall also be investigated in future works.
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I d m a g = A b s ( I d O )  
I q m a g = A b s ( I q o )
d i f d = a b s ( I d p r e v - I d O )  
d i f q = a b s ( I q p r e v - I q O )
I f ( d i f d . g e . I E - 4 . a n d . d i f q . g e . I E - 4 ) GOTO 10  
e n d  i f
i f  ( o p t i o n . e q . 1)  t h e n  
2 0  c o n t i n u e
d v a r  = ( I d m a x - I d m a g ) / I d k n e e
PARD = -  0 . 5 S 0 8 4 * S I N H { - 0 . 1 9 3 7 8 * d v a r ) - 0 . 0 1 6 1 5 6 * ( d v a r * * 2 ) 
Xmds = s i d m a x / ( ( P A R D * I d k n e e )  + I dma g )
XqO = Xmqu + XI  
XdO = Xmds + XI
d e l t a O = a t a n ( ( I q O * X q O - I d O * R a ) / ( - I d O * X d O + I q O * R a ) i
I d p r e v = I d O
I q p r e v = I q O
I d O = I l Q * s i n ( p h i + d e l t a O ) - I c O * c o s ( d e l t a O )  
I q O = I c O * s i n ( d e l t a O ) + I 1 0 * c o s ( p h i + d e l t a O )
I d m a g = A b s ( I d o )
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Iqmag=Abs(IqO)
d i f  d = a b s  ( I d p r - e v - I d O )  
d i f q = a b s ( I q p r e v - I q O !
I f ( d i f d . g e . I E - 4 . a n d . d i f q . g e . I E - 4 ) GOTO 2 0  
e n d  i f
I ! ! ! ! ! !  I '  ! ! ! I ! E ! I ! ! ! ! ! ! ! !  I I  I I ! I  E ! '  i  ! I '  E ! ! ! ! !
! i J I n i t i a l  v a l u e s  o f  I d  a n d  I q  o b t a i n e d  t i l
! ! !  c a l c u l t a i o n  o f  o t h e r  i n i t i a l  v a l u e s  ! ! !
j i j i j i i [ j t t j ; j j i t | j i t t i t j i j j i i j j i j t j |  i i j i j j !
2 3  d e l m a g  =  a b s ( d e l t a O )  
v d  = V t * s i n ( d e l t a Q )  
v q  = V t * c o s ( d e l t a O )  
s i  qO = - l * I q 0 * X q 0  
s i  d o  =  - l * I d O * X d 0  
s i  k d l O  = - l * I d O * X m d s  
s i J t q l O  -  - l * I q Q * X m q s
p r i n t  * 
p r i n t  * 
p r i n t  * 
p r i n t  * 
p r i n t  * 
p r i n t  *
P r i n t  *
P r i n t .  * 
p r i n t  * 
p r i n t  * 
p r i n t  * 
p r i n t  * 
p r i n t  * 
p r i n t  * 
p r i n t  * 
p r i n t  *
I k d l O  =
I k q l O  =
i f  ( o p t i o n . e q . 2 )  t h e n
d v a r  = ( I d m a x - I d m a q ) / I d k n e e  
q v a r  = ( I q m a x - I q m a q ) / I q k n e e
DPARD = - O . 5 0 Q 8 4 * - O . 1 9 3 7 8 * C O S H ( - O . 1 9 3 7 8 * d v a r ) - 2 * 0 . 0 1 6 1 5 6 * d v a r  -  1 
DPARQ = - 1 . 4 3 7 9 * - 0 . 2 3 5 7 7 * C O S H ( - 0 . 2 3 5 7 7 * q v a r ) + 2 * 0 . 0 1 3 4 4 1 * q v a r  -  1  
k d s  -  ( X m d s * * 2 ) * D P A R D / S i d m a x  
k q s  =  ( X m q s * * 2 ) ‘ D P A R D / S i q m a x  
e n d  i f
’ M a x  c u r r e n r s : ' ,  m a x l d , m a x l q  
' I n i t i a l  q - a x i s  f l u x  l i n k a g e  ( S I  Q 0 ) : ' , s i  qO
' I n i t i a l  d - a x i s  f l u x  l i n k a g e  ( s i _ d o ) : ' , s i _ d o
' l o a d  a n g l e  ( D e l t a ) : ’ , d e l t a O  
' I n i t i a l  d - a x i s  c u r r e n t  ( I d o ) : 1 , I d o
' I n i t i a l  q - a x i s  c u r r e n t  ( I q O ) : ' , I q O
' d - a x i s  t e r m i n a l  v o l t a g e  ( v d ) : ' , v d  
' q - a x i s  t e r m i n a l  v o l t a g e  ( V q ) : ' , v q  
' l o a d  c u r r e n t  ( I L ) : ' , 1 1 0  
' C a p a c i t a n c e  c u r r e n t  ( I C ) : ' , I c O  
' S t a t o r  c u r r e n t .  ( I T ) : ' ,  I t o  
' S a t u r a t e d  q - a x i s  r e a c t a n c e  ( X m q s ) : ' , X m q s  
' S a t u r a t e d  d - a x i s  r e a c t a n c e  ( X m d s ) : ' , X m d s  
' S a t u r a t e d  q - a x i s  d a m p e r  f l u x  l i n k a g e  ( s i  k q l 0 ) : ' , s i  k q l O  
' S a t u r a t e d  d - a x i s  d a m p e r  f l u x  l i n a k g e  ( s i  k d l 0 ) : ' , s i  k d l O  
' a n g l e  b e t w e e n  v o l t a g e  a n d  s t a t o r  c u r r e n t  ( a l p h a ) : ' , a l p h a
0 . 0  
0 . 0
i f  ( o p t i o n . e q . l )  t h e n
d v a r  =  ( I d m a x - I d m a g ! / I d k n e e
DPARD = - 0 . 5 8 0 8 4 * - 0 . 1 9 3 7 8 * C O S H ( - 0 . 1 9 3 7 8 * d v a r ) - 2 * 0 . 0 1 6 1 5 S * d v a r
k d s  =  ( X m d s * * 2 ) * D P A R D / S i d m a x  
k q s  =  0 . 0  
e n d  i f
p r i n t  * , 1K d s : ' , k d s  
p r i n t  * , ' K q s : ’ , k q s
|  J I j  |  |  H  I I M  [
, C a l c u l a t i o n s
t i t j j f » { i 5 ( j t
I I
Of
1  I n i t i a l  v a l u e  c a l c u l a t i o n  e n d s  h e r e  I ! I J 1 1 l 11 i I I :
t j j j j j i j i i i j j j \ j ! (
e l e m e n t s  i n  X r e a c
i » » j j | t » « i i i j t i j j i
X l l sc k d s * l d 0  -  ( X m d s  + X13
X 1 2 sc X m d s  -  K d s * l d 0
X I 3 = 0
X 1 4 = 0
X 2 1 = k d s * i d o  -  x m d s
X 2 2 a ( X m d s *  X k d l )  -  k d s : * I d 0
X2 3 = 0
X 2 4 * 0
X 3 1 = 0
X 3 2 sc 0
X3 3 k q s * l q 0  -  ( X m q s  + X I )
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X 3 4  = X m q s  -  k q s * I q O  
X 4 1  = 0 
X 4 2  -  0
X 4  3 = k q s * I q O  - X m q s
X 4 4  =  ( X m q s +  X k q l )  -  k q s * I q O
J J J J J I J ! I t 1 J { 1 1 |  ]  1 I » J |  I I  J J J { » J I I j  J I J J J J I J J 1 1 I
! i C a l c u l a t i o n s  o f  e l e m e n t s  i n  X r e a c  I n v e r s e  
l  ! ! J ! I ! ! I  ! J 1 ! £ I 1 i  M  M  i  I H  1 ! i  ! I  I ! H  I ! ! I 1 1  ! ! i  I  !
R l l = X 2 2 / ( ( X 1 1 * X 2 2 )  -  ( X 1 2 * X 2 1 )  )
R 1 2 - X 1 2  / { ( X 1 I * X 2 2 } -  ( X 1 2 * X 2 1 ) )
R 1 3 « 0
R 1 4 sc 0
R 2 1 sc - X 2 1  / ( ( X 1 1 * X 2 2 ) -  ( X 1 2 * X 2 1 ) )
R 2  2 at X l l / ( ( X 1 1 * X 2 2 )  -  ( X 1 2 * X 2 1 ) )
R 2  3 a 0
R 2 4 as 0
R 3 1 = 0
R 3 2 a 0
R 3  3 = X 4 4 /  ( ( X 3 3 * X 4 4 )  -  ( X 3 4 * X 4 3 ) )
R 3 4 * - X 3 4  / { ( X 3 3 * X 4 4 )  -  ( X 3 4 * X 4 3 } )
R 4 1 — 0
R 4  2 sc 0
R4 3 = - X 4 3 /  ( ( X 3 . 3 * X 4 4 )  -  ( X 3 4 * X 4 3 ) )
R 4 4
t i
X 3 . 3 /  ( ( X 3 3 * X 4 4 )  “ ( X 3 4 * X 4 3 ) )
1 1 T 1 t t I i  1 < t t 1 f t t 1 I t  1 M  1 J  1 1 I t t
I C a l c u l a t i o n s  o f  e l e m e n t s  o f  [ B ] X [ X r e a c  i n v e r s e ]  J !  
1 1 1 1 1  n  i i n  i i ! j i m  m  i i n  1 1  i n  11  1 1  n  i i  i i ! 1 1  j n  i s j ! i ! m
b l l = w O * R a * R l l
b l 2 = w O * R a * R 1 2
b l 3 = 0 . 0
b i 4 0 . 0
b 2 i -  w O * R k d l * R 2 1
b 2 2 = -  W 0 * R k d l * R 2 2
b 2 3 31 0 . 0
b 2 4 = 0 . 0
b 3 i SC 0 . 0
b 3 2 SC 0 . 0
b 3  3 = w O * R a * R 3  3
b 3 4 8 t w 0 * R a * R 3 4
b 4 l = 0 .  0
b 4  2 - 0 .  0
b 4 3 = -  W O * R k q l * R 4 3
b 4 4 » -  w O * R k q l * R 4 4
b 5 l 0 .  0
b 5 2 =C 0 .  0
b 5 3 SC 0 .  0
b 5 4 = 0 .  0
b 6 1 = ( w O * S L  q 0 * R l l ) / ( 2 * J )
b 6 2 SC ( w 0 * s i  q O * R 1 2 ) / ( 2 * J )
b 6  3 = -  { w Q * s i  d 0 * R 3 3 )  /  {2*>
b 6 4 « -  ( w 0 * s i  d O * R 3 4 ) / < 2 * .
j  !  I j  J t  J J I I  M  I  M  [ I  j  I  !  I  I t j  M  |  I n  I |  |  I  I  I |  |  I [ I  |  I  j  I  |  I  I I
J I C a l c u l a t i o n s  o f  e l e m e n t s  o f  s t a t e  m a t r i x  P  11 
J ! S I  ! M  I I ! t i  \  1 1 11 J ! I  I i  i  i  H  ! I I  I I ! 1 1 I I  I  H  I I  I  I  I  I  I  ! ! !
A  ( 1 ,  1 ) = b l l
A i l , 2 ) s= b ! 2
A i l ,  3 ) =t wO
A { 1 , 4 ) 3= 0  . 0
A  { 1 ,  5 ) =r w 0 * v b *  ( c o s  ( d e l t a O ) )
A  ( 1 ,  6 ) =c s i  qO
A  ( 2  , 1 ) - b 2 i
A  ( 2 , 2 ) sc b 2 2
A  { 2 ,  3 ) =3 0  . 0
A  ( 2 ,  4 ) at 0  .  0
A  { 2 ,  5 ) sc 0  .  0
A  ( 2 ,  6 ) = 0  . 0
A  ( 3 ,  1 ) SC ~W0
A ( 3 , 2 ) sc 0  . 0
A  ( 3 , 3 ) = b 3 3
A  ( 3 ,  4  ) = b 3 4
A  { 3 ,  5 } = -  w 0 * v b * ( s i n ( d e l t a O
A  { 3 ,  6 ) CS - s i  d o
A  ( 4 , 1 ) = 0 . 0
A  ( 4 ,  2 ) St 0 . 0
A  ( 4 ,  3 ) at b 4 3
A ( 4 , 4 ) sc b 4 4
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A ( 4 ,  55 a 0 . 0
A ( 4 , 6 ) = 0 . 0
A ( 5 , 1 ) 0 . 0
A { 5 , 2 ) = 0 . 0
A ( 5 , 3 ) a 0 . 0
A ( 5 , 4 ) s 0 . 0
A ( 5 , 5 5 =: 0 . 0
A ( 5 , 6 ) s 1 . 0
A ( 6 , 1 } = LS I
A { 6 , 2 ) - b 6 2
A ( 6 , 3 ) b 63
A ( 6 ,  4) = b 6 4
A ( 6 , 5 ) 0 . 0
A { 6 , 6 ) =4 -  (
{ ( wO*I qO) / ( 2 * J ) ) 
{ ( wO*I dQ) / ( 2 * J ) )
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  C a l c u l a t i o n  o f  s t a t e  m a t r i x  e n d s  h e r e  ! ! ! ! ! ! ! M ! ! ! ! ! ! n  
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
i f  i o p t i o n . e q . l !  t h e n
OPENi s , FILE*' HEW 1SAT E i g e n v a l u e s . T X T ' ) 1 1 1 1 1 ! I I o u t p u t  f i l e  t o  d i s p l a y  e i g e n v a l u e s  ! ! ! !
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  
e n d  i f
i f  ( o p t i c m . e q . 2 i  t h e n
OPEN( 6 , f i l e *'HEW 2s a t  E i q e i w a l u e s . T X T ' )  ! ! ! ! ! ! ! !  o u t p u t  f i l e  t o  d i s p l a y  e i g e n v a l u e s  M M
I J t J I J I » M I | I t J | t J J J I J J | | I { [ f
e n d i f
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !  E i g e n  v a l u e  c a l c u l a t i o n  b e g i n s  h e r e  ! ! ! ; ! ! I M ! 1 ! !  ! 1 i ! ! ! :
I t M I M J ! J { I I I ) II j ! J J j t » t
N=6
IYEC®0
N A - 1 5
NB=15
WRITE( 6 , * ) ’ THE GIVEN STATE-MATRIX I S : !
DO 2 5  I  * 1 ,  N 
2 5  WRITE( € , 4 0 0 )  ( A ( I , J ) , J = 1 , N)
CALL DEIGQR ( A, N, N A f B ( NB,  IVEC,  I C,  EIGR,  E I GI , UR,  U I ,  IER)  ! ! ! ! !  C a l l i n g  DEIGQR S u b r
out.  i  n e  ! N  ! 1 ! I \ 1 ! J M I H  ! I I ! ! !
WRITE( 6 , 5 0 0 )
WRITE( 6 , * ) 5 REAL IMAGINARY'
WRITE{ 6 , * )
DO 30  I  = 1 ,  N 
30 WR I TE{ € , 60 0 )  EIGR( I ) , E I G I ( I )
I F ( IVEC . EQ. 0 ) GOTO 99  
WRITE( 6 , 7 0 0 )
DO 4 0  J  = 1 ( N
WRITE ( S ,  8 0 0 )  (UR ( I ,  J )  , U I (  I ,  J )  , 1=1 , 11)
K R I T E ( 6 , * ) '  1 
40  CONTINUE 
30 0  FORMAT( F I 5 . 6)
40 0  FORMAT(4X, 1 0F12  . 5}
50 0  FORMAT! 1 H 0 , 5 X , 4 3 H 0 1 : O u t p u t  e i g e n  v a l u e  f o r  t h e  s t a t e - m a t r i x )
60 0  FORMAT(3X, 1H ( , D 1 5 . 5 , 3H , , D 1 5 . 5 , l H ) i  
70 0  FORMATS1H0, EX, 17H02 : EIGEN VECTORS)
80 0  FORMAT(2 ! 3 X , 1 H { , D 1 5 . 5 , 1H,  , D 1 5 . 5 , 1 H ) j )
99  CONTINUE 
STOP 
END
M M ! ! ! ! ! ! ! ! ! ! ! !  S u b r o u t i n e  DEIGQR f o r  e i g e n v a l u e  c a l c u l a t i o n  b e g i n s  h e r e  ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
! ! ! ! ! ! ! ! ! ! ! ! ! !  !
SUBROUTINE DEIGQR ( A , N , N A , B ,  NB,  IVEC,  I C, EI GR,  EIGI  , U R , U I , IER)
IMPLICIT REAL*8 ( A - H, 0 - Z)
DIMENSION A(NA,  1) , EI GR ( l )  , EI GI  ( 1 )  , UR SNA, 1) , U I ( N A , 1 )  , B (NB, 1) , I C f l )
INTEGER P, Q
DATA ZERO/ 0 . 0DG/  , ONE/ 1 . ODO/  , TK O / 2 . ODD/ , C ON E/ 0 . I DO/  , C F I V E / 0 . 5 D 0 /  , C O 1 / 0 . 0 S 2 5 D 0 /  , 
C O 2 / O . 9 5 D 0 /  , C O 3 / 1 S . 0 D 0 /  , C O 4 / 1 . 0 D 7 0 /  , C O 5 / 1 . 0 D 7 5 /  , C C S / 1 . O D - 1 3 /  , C O 7 / 1 . 0 D - 1 4 /  , C 0 8 / 2 . 2 D -  
1 6 /  , C 0 9 / 1 . 0 D - 3 0 /  , C 0 1 0 / 1 . 0 D - 3 0 /  , C O 1 1 / 1 . 0 D 3 0 /
IER*0
I F( N )  4 5 5 0 , 4 5 5 0 , 2 0  
20  I F  SNA-N) 4 5 5 0 , 4 0 , 4 0  
40 I F ( N B - N - 3 )  4 5 5 0 , 6 0 , 6 0  
60  NM2=N-2  
M=N
I F ( M . N E . l )  GO TO 70  
E I GR ( 1 ) = A ( 1 , 1)
E I G I ( 1 ) =ZERO 
GO TO 1 7 0 0
{
70 DO 72  1 =1 ,  N
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7 2  A  ( I , N + 1 ) *ONB  
S MA X- ONE  
B 1 = C 0 3  
B 2 = B 1 * B 1  
B 3 = C 0 1  
B 4 - B 3 * B 3  
7 4  I B A L = 0
DO 8 8  J - l , N
C * ZERO
R= ZER O
DO 7 6  1 - 1 , N
C = C + D A B S ( A { I ,  J )  )
7 6  R = R + D A B S < A ( J , 1 }  }
C * C - D A B S ( A {  J , J ) )
R = R ~ D A B S ( A (J , J ) )
I F  (C . . EQ. Z E R O , OR . R .  EQ.  ZERO)  GO TO 8 8  
G = R * B 3  
F = G N E  
S = C+R
7 8  I F ( C . G E . G )  GO TO 8 0  
F = F * B 1  
C = C * B 2  
GO TO 7 8  
8 0  G = R * B 1
8 2  I F ( C . L T . G )  GO TO 8 4  
F = F * B 3  
C * C * B 4  
GO T O  8 2  
8 4  I F ( ( C + R ) / F . G E . C 0 2 * S )  GO TO 8 8  
I B A L - 1  
G = O N E / F
A  (O',  N + l ) = A  {J ,  N + l ) * F
I F  ( B  ( N + 3  , J )  . G T . S M A X )  SMAX=B ( N + 3  , J )  
DO 8 6  1 = 1 ,  N
8 6  A ( J ,  I )  - A ( J , I )  *G  
DO  8 7  1 = 1 , N
8 7  A ! I , J ) = A ( I ,  J )  *F
8 8  C O N T I N U E
I F  ( I B A L i . E Q . 1 )  GO TO 7 4  
I F  ( M . E Q . 2 )  GO TO 1 7 5  
DO 1 7  0 K = 1 , NM2 
K P 1 = K + 1  
I C ( K P 1 ) * 0  
P I V = D A B S  ( A  ( K P I , Kj )
J = K P 1
K P 2 = K + 2
DO 1 1 0  I = K P 2 , N  
X » D A B S  ( A  ( I , K) }
I F ( X . L E . P I V )  GO TO 1 1 0  
P I V = X
1 1 0  C O N T I N U E
I F ( P I V . L T . C 0 9 )  GO TO 1 7 0
KROW=J
X = A ( K R O W , K )
A  (KROW,  K) = A ( K P 1 ,  K)
A  ( K P 1 , K) =X  
P I V = O N E / X  
DO 1 2 0  I = K P 2 , N  
1 2 0  A ! I , K ) = A ( I , K i * P I V
I F ( J . E Q . K P l )  GO TO 1 4 0  
I C ( K P 1 ) = J  
DO 1 3 0  1 = 1 , N  
X = A ( I , K P 1 )
A  ( I , K P 1 ) = A  ( I , J )
1 3 0  A ( I , J ) = X  
1 4 0  DO 1 5 5  J = K P 1 , N  
X = A ( K R O W , J )
A ( K R O W , J ) = A ( K P 1 ,  J )
A  ( K P 1 , J )  = X
I F  ( X . E Q . ZERO)  GO TO 1 5 5  
T = - X
DO 1 5 0  I = K P 2 , N  
1 5 0  A ( I ,  J )  « A ( I ,  J ) + T * A ( I , K )
1 5 5  C O N T I N U E
N P K P 2 = N + K P 2  
DO 1 6 5  L = K P 2 , N  
J = N P K P 2 - L
I F ( A ( « J , K ) . E Q . Z E R O )  GO TO 1 6 5  
T = A (  J ,  K)
DO 1 6 0  1 = 1 ,  N 
1 6 0  A ( I , K P 1 ) = A ( I , K P 1 ) + T * A { I , J }
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1 6  5  CON TI N U E  
1 7 0  CON TI N U E  
1 7 5  CON TI N U E
I C
I F ( I V E C . E Q . 0 )  GO TO 1 9 0
DO 1 8 0  1 * 1 , N
J S * I - 1
I F ( I . E Q . l )  J S « 1  
J J - N - I + 1
DO 1 8 0  J = J S , N  
1 8 0  B ( J - J S + 1 , J J ) - A ( I , J )
I F ( N . E Q . 2 )  GO TO 1 9 0  
DO 1 8 5  J » 1 , NM2  
J P 2  = J + 2
DO 1 8 5  1 = J P 2 , N  
1 8 5  B ( I , J ) = A ( I , J )
1 9 0  E 6 = C 0 6  
E 7 = C 0 7
E 1 2 = D S Q R T ( D B L E ( N ) ) * CQ8  
E 3 0 * 0 0 1 0  
H = C F I V E  
I T M A X * 3 1
5 C
2 0 0  N 1 = N - 1
I F f N l . E Q . O )  GO TO 1 3 0 0  
N 2 = N 1 - 1
DO 1 5 0 0  I T * I , ITMAX
I F ( D A B S ( A  ( N , N l ) ) . L E . E l 2 * D A B S ( A ( N , N ) ) )  GO TO 1 3 0 0
I C
T -  ( A { N 1 , N l )  - A ( N ,  N)  } *H
I C
U = T * T
X * A ( N 1 , N > * A ( N , N 1 )
I F ( D A B S ( X ) . G E . U * E 7 )  GO TO 2 4 0  
E I G R ( N l ) * A ( N 1 , N 1 >
E I G R  ( N)  = A { N , N )
GO TO 2 8 0  
2 4 0  T = U + X
I F ( D A B S ( T )  . L T . E 6  * D M A X 1 ( U , D A B S ( X ) ) ) T = Z E R O  
U -  ( A ( N 1 , N 1 ) + A ( N , N )  ) *H  
V - D S Q R T ( D A B S ( T ) )
I F ( T . G E . ZERO)  GO TO 2 6 0
! C
E I GR  (N)  - U  
E I GR  ( N l )  * U  
E I G I  ( N)  * - V  
E I G I  ( N l )  * V  
GO TO 3 0 0
I C
2 6 0  I F ( U . L T . Z E R O )  V * - V  
E I G R ( N l )  = U + V  
E I G R ( N ) = Z E R O
I F ( E I G R ( N l ) . N E . ZERO)  E I G R ( N ) * ( A ( N l , N l ) * A ( N , N > - X ) / E I G R ( N 1 )  
2 8 0  E I G I < N ) = Z E R O  
E I G I ( N l ) - Z E R O
I F ( D A B S ( E I G R ( N l ) ) . G E - D A B S ( E I G R ( N ) ) )  G O T O  3 0 0  
T * E I G R ( N 1 )
E I G R ( N l ) * E I G R ( N )
E I G R ( N 5  * T  
3 0 0  I F ( N 2 . E Q . 0 )  GO TO 1 2 8 0
I C
E P 3 = E 1 2 * ( E I G I ( N l ) + D A B S ( E I G R ( N l ) ) )
I F ( D A B S ( A ( N l , N 2 ) ) . L E . E P S )  GO TO 1 2 8 0  
I F ( I T . E Q . I T M A X )  GO TO 4 6 0 0
I C
I F ( I T . N E . 1 1 . A N D . I T . N E . 2 1 )  GO TO 4 0 0  
X = D A B S ( A ( N , N 1 ) ) + D A B S ( A ( N l , N 2 ) )
S = X+X  
R = X * X  
GO TO 5 0 0  
4 0 0  S - A ( N , N } + A ( N 1 , N 1 )
R » A ( N , N )  * A  ( N l , N l ) - A ( N 1 , N )  * A ( N ,  N l )
I C
5 0 0  I F ( N . G E . 4 )  GO TO 5 2 5  
P » 1
Q - l
GO TO 6 5 0  
5 2 5  DO 5 1 5  1 0 = 2 , N 2  
Q » N 2 + 2 - I O
I F ( D A B S ( A ( Q , Q - 1 ) ) . L E . E P S )  GO TO 5 3 0  
5 1 5  CONTI NUE  
Q - l
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5 3 0  I F ( Q . G E . N 2 )  GO TO 6 3 0  
1Q1-Q-+1
DO 6 6 0  I 0 = I Q 1 , N 2  
P = N 2 + I Q l - I O
I F ( ( D A B S ( A ( P , P ) + A ( P + 1 , P + l ) - S ) + D A B S ( A  ( P + 2 , P + l ) ) ) * D A B S ( A ( P , P - 1 )  * A ( P + l , P ) ) . L T . E1 2 * D A B S (A < 
P ) * ( A ( P , P ! - S ) + A ( P , P + 1 ! * A ! P + 1 ( P ) + R } }  3 0  TO 6 5 0  
6 6 0  CONTINUE 
6 8 0  P=Q
!C
6 5 0  DO 1 2 2 0  I  = P , N1  
I P 1 = I + 1  
I P 2 = I P 1 + 1  
1 1 = 1 - 1
I F ( I . N E . P )  GO TO 7 2 0
G 1 = A ( I , I ) * ( A ( I , I > - S ) + A ( I , I P 1 ) * A ( I P 1 , I ) + R  
G 2 = A ( I P 1 , I ) * ( A ( I P 1 , I P 1 )  + A ( I ,  I ) - S )
G 3 = A ( I P 1 , I ) * A ( I P 2 , I P 1 )
A ( I P 2 , I ) = Z E R O  
GO TO 7 8 0  
7 2 0  G 1 = A ( I , I 1 )
G 2 = A ( I P 1 , I 1 )
I F I I . L E . N 2 )  GO TO 7 6 0  
G3=ZERO 
GO TO 7 8 0  
7 6 0  G 3 = A ( I P 2 , I D  
7 8 0  CONTINUE
I F ( D A B S ( G 1 ) . L T . E 3 0 )  Gl=ZERO 
I F ( D A B S ( G 2 ) . LT. E3 G)  G2=ZERO 
I F ( D A B S ( G 3 ) . L T . E 3 0 )  G3=ZERO 
U=DSQRT( G1*G1+G2*G2 +G3 * G3 )
I F ( U )  8 0 0 , 8 6 0 , 8 0 0  
8 6 0  P H I =TWO 
PS I l =ZE RO  
P S I 2 = ZER 0  
GO TO 8 8 0  
8 0 0  I F ( G l . L T . Z E R O )  U=- U  
T=G1+U  
P S I 1 = G 2 / T  
P S I 2 = G 3 / T
P H I = T W O / ( O N E + P S I 1 * P S I 1 + P S I 2 * P S I 2 )
8 8 0  I F ( I - Q )  9 0 0 , 9 6 0 , 9 0 0  
9 0 0  I F ( I - P )  9 2 0 , 9 4 0 , 9 2 0  
9 4 0  A ( I ,  I I )  = - A ( I ,  I I )
GO TO 9 6 0  
9 2 0  A ( I , I I ) = - U
! C
9 6 0  T 0 = - P H I
T 1 = P S I 1 * T 0  
T 2 = P S I 2 * T 0
I F ( I . G E . N l )  GO TO 1 0 0 0  
DO 9 8 0  J = I , N
S = A ( I , J ) + P S I 1 * A ( I P 1 , J ) + P S I 2 » A ( I P 2 , J )
A ( I ,  J ) = A ( I , J )  +T0 * S  
A ( I  P I , J ) = A ( I P 1 , J ) + T 1 * S  
9 8 0  A ( I P 2 ,  J ) = A ( I P 2 ,  J ) + T 2 * S  
GO TO 1 0 2 0  
1 0 0 0  S = A ( N 1 , N 1 ) + P S I 1 * A ( N , N 1 )
A ( N l , N l  > =A ( N l , N l ) +T0 * S  
A ( N , N 1 )  =A ( N , N 1 )  +T1 * S  
S = A ( N 1 , N ) + P S I 1 * A ( N , N )
A ( N 1 , N ) = A ( N 1 , N )  +T0 * S  
A ( N ,  N) =A (N,  N) +T1*S  
1 0 2  0 CONTINUE 
! C
I F ( I - N l )  1 0 8 0 , 1 0 6 0 , 1 0 6 0  
1 0 6 0  DO 1 0 7 0  J = Q, N
S = A ( J , I ) + P S I 1 * A ( J , I P 1 )
A ( J , I ) = A ( J , I ) + T 0 * S  
1 0 7 0  A (J , I P I ) = A ( J , I P 1 ) +T1 * S  
GO TO 1 1 2 0  
1 0 8 0  DO 1 1 0 0  J = 0 , I P 2
S = A ( J , I ) + P S I 1 * A ( J , I P 1 ) + P S I 2 * A ( J , I P 2 )
A (J , I ) = A (J , I ) + T 0 * S  
A (J , I P 1 ) = A (J , I P 1 ) +T1 * S  
1 1 0 0  A ( J ,  I P 2 )  = A ( J ,  I P 2 ) + T 2 * S  
1 1 2 0  I F ( I . G E , N 2 ) GO TO 1 2 2 0  
I P 3 - I P 2 + 1  
S = P S I 2 * A ( I P 3 , I P 2 )
A ( I P 3 , I ) = T 0 * S
A ( I P 3 , I P I ) = T 1 * S
A ( I P 3 , I P 2 ) = A ( I P 3 , I P 2 ) + T 2 * S
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12  2 0  CONTINUE 
1 5 0 0  CONTINUE
GO TO 4 6 0 0
I C
1 2 8 0  N=N2
GO TO 1 6 0 0  
1 3 0 0  E I G R ( N ) » A { N , N )
E I G I ( N ) = Z E R O  
N*N1
16 0 G I F ( N . G T . O )  GO TO 2 0 0  
1 7 0 0  N=M
I F ( I V E C . E Q . 0 )  GO TO 6 0 0 0
I C
I F ( N . N E . l )  GO TO 1 8 0 0  
UR ( 1 , 1 )  “ ONE 
U I  { 1 ,  1)  =sZERO 
GO TO 5 0 0 0  
1 8 0 0  I F  ( N .  EQ.  2 ) ‘3 0  TO 1 9 1 0  
DO 1 9 0 0  J * 1 , N M 2  
J J = N - J + l  
J P 2 * J + 2
DO 1 9 0 0  I = J P 2 , N 
1 9 0 0  A ( I - J P 2 + 1 , J J ) = B ( I , J )
1 9 1 0  N“ 0
SMAX= C O l 1 / SMAX 
DO 3 0 6 0  J J » 1 , M  
E I R = E I G R ( J J )
E I I s E I G I ( J J )
B (J J ,  M + l ) = E I I  ,
! C
I F { E l i . L T . Z E R O )  GO TO 3 0 6 0  
I F { N . G E . J J )  GO TO 2 0 4 0  
N S = J J
IC
I F {J J . N E . 1 )  GO TO 1 9 2 0  
N * 1
N S * N S + 1
I F ( D A B S ( B  ( 1  , M - 1 )  ) . G T . { D A B S ( B ( 1 , M ) ) + D A B S ( B ( 2 , M ~ i ) ) ) * E1 2  . O R . E l i . N E . ZERO) GO TO 1 9 2 0  
B ( 1 ,  M - 1)  “ ZERO 
GO TO 1 9 4 0  
1 9 2 0  I F ( M , EQ. 2  . OR.  J J . E Q . M )  GO TO 1 9 3 5  
MM1*M-1
DO 1 9 3  0 N=NS,MM1  
I - M - N
I F  {DABS (B ( 1 , 1 ) } . G T . ( D A B S < B ( 2 , I )  ) +DABS ( B { 2 , 1 + 1} ) ) * E 1 2 )  GO TO 1 9 3  0 
B ( l , I ) = Z E R O  
GO TO 1 9 4 0  
1 9 3  0 CONTINUE 
1 9 3 5  N==M 




N P 3 = N + 3
IC
HNORM=ZERO 
DO 2 0 2 0  J=MN,M 
S=ZERO 
J P l = J - M N + 2  
I F ( J . E Q . M )  J P1=M  
DO 2 0 0 0  I « 1 , J P 1  
2 0 0 0  S = S + D A B S ( B ( I , J ) )
2 0 2 0  I F ( S . G T . HN O R M)  HNORM=S
I F( HNORM. EQ. ZERO) HNORM=ONE 
E P S 3 “ HN0RM*C08  
E P S 6 » E P S 3 * E P S 3 
G 1 “ D S Q R T ( D B L E ( N ) )
G 2 “ E P S 3 / ( G 1 + 0 N E )
G 3 » G 1 * E F S 3  
GTOL“ CONE/ Gl  
2 0 4 0  I F ( N . E Q . M )  GO TO 2 0 7 0  
DO 2 0 5 0  I “ NP 1 , M  
2 0 5 0  U R { I , J J ) *  ZERO
I F ( E l i . L E . Z E R O )  GO TO 2 0 7 0  
DO 2 0 6 0  I s s N P l , M 
2 0 6 0  U R ( I , J J + 1 ) “ ZERO 
I C
2 0 7 0  I F ( J J . E Q . l )  GO TO 2 1 0 0
I F { E l i . L T . Z E R O )  GO TO 3 0 6 0
! C
J J M 1 = J J - 1  
DO 2 0 8 0  I * 1 , J J M 1
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I F ( D A B S ( E I G R ( I ! - E I R ) . L T . E P S 3  . A N D . D A B S ( E I G I i I ) - E l i ) . L T . E P S 3 )  E I R = E I R + E P S 3  
2  0 8 0  CON TI N U E
E I G R  ( J J )  = E I R
1 0 0  DO 2 1 4 0  J = M N , M  
L = M - J + l  
J P l = J - M N + 2  
LM2 = L - 2
I F ( J . N E . M )  GO TO 2 1 1 0  
J P 1  = N 
LM2 = 0  
1 1 0  DO 2 1 2 0  1 = 1 , J P 1  
1 2 0  A ( I + L M 2  , L)  = B  ( I , J )
A ( L , L )  = A ( L , L )  - E I R  
1 4 0  U R ( J - M N + 1 ,  J J )  = E P S 3  
I T E R = 0  
P M I N = C 0 5  
I SW=Q  
KS = 1
I F ( E l I . N E . Z E R O )  GO TO 2 5 0 0
I F ( N . E Q . l )  GO TO 2 2 3 0  
DO 2 2 2 0  K = 1 , N M 1  
K P 1 = K + 1
I F  ( D A B S  ( A ( K ,  K) ) . G E  . D A B S  (A  ( K,  K P 1 ) ) ) G O T O  2 1 8 0
DO 2 1 6 0  I = K ,  N
X = A ( I , K )
A  ( I , K) = A  ( I , K P 1 )
1 6 0  A ( I , K P 1 ) =X
1 8 0  I F ( A ( K , K )  . E Q . Z E R O )  A { K , K ) = E P S 3
I F  ( D A B S  ( A ( K , K )  ) . L T . P M I N )  P M I N = D A B S  {A ( K , K )  )
A ( K , K )  = O H E / A ( K , K >
I F ( A ( K , K P 1 ) . E Q . ZERO)  GO TO 2 2 2 0  
T - - A  ( K,  K P 1 )  * A ( K ,  K)
DO 2 2  0 0 I = K P 1 , N  
2 0 0  A ( I  , K P 1 )  = A ( I , K P 1 ) + T * A ( I , K )
2 2  0 CON TI N U E
2 3 0  I F  ( A ( N , N )  . E Q . Z E R O )  A ( N , N ) = E P S 3
I F  ( D A B S  ( A  ( N ,  N)  ) . L T . P M I N )  P M I N = D A B S  ( A  ( N , N)  )
A  ( N ,  N)  = O N E / A ( N , N )
U M A X - C 0 4 *  ( PMI N/ HNORM)
2 4 0  U R ( N ,  J J )  = U R ( N ,  J J )  * A ( N , N )
I F ( N . E Q . l )  GO TO 2 7 4 0  
2 5 0  DO 2 2 8 0  K = K S , N M 1  
J = N - K
S = - U R ( J , J J )
J P 1 = J + 1
DO 2 2 6 0  I = J P 1 , N  
2 6 0  S = S + A ( I  , J )  * U R ( I ,  J J )
U R { J , J J ) = - S » A ( J ,  J )
2 8 0  I F  ( K . N E  . NM1 . A N D .  D A B S  ( UR ( J ,  J J )  ) - GT .UMAX) GO TO 2 7 2 5
GO TO 2 7 4 0
5 0 0  B ( 3 , 1 ) = - E I I
U R ( 1 , J J + 1 ) = Z E R G  
DO 2 5 2 0  1 = 4 , N P 2  
U R ( I - 2 , J J + 1 ) = Z E R O  
2 5 2 0  B ( I , l ) = Z E R O
DO 2 6 4 0  K = 1 , N M 1
K P 1 = K + 1
K P 2 = K + 2
K P 3 = K + 3
S = A ( K , K P 1 )
X = A ( K , K )  * A ( K , K )  + B ( K P 2 , K )  * B ( K P 2 , K )
I F ( S » S . L E . X )  GO TO 2 5 6 0
I F ( S * S . L T . P M I N )  P M I N = S * S
S = O N E / S
T 1  = - A ( K , K )  * S
T 2  = - B ( K P 2 , K )  * S
A ( K , K )  = S
B ( K P 2 , K ) = Z E R O
DO 2 5 4 0  I = K P 1 , N
S = A ( I , K P 1 )
A ( I , K P 1 ) = A ( I , K )  + T 1 * S  
A  ( I , K) = S
B ( I + 2 , K P 1 ) = B ( 1 +  2 , K ) + T 2  + S  
2  5 4 0  B  ( I  + 2  , K) =ZERO  
B ( K P 3 , K ) = - E I I
A ( K P 1 , K P 1 ) = A ( K P 1 , K P 1 ) + T 2  * E I I  
B ( K P 3 , K P 1 ) = B ( K P 3 , K P 1 ) - T l + E I I
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
GO TO 2 6 4 0
2 5 6 0  I F ( A ( K , K )  . N E .  ZERO.  OR.  B ( K P 2 , K )  . N E .  ZERO) GO TO 2 5 8 0  
A ( K , K ) = E P S 3  
B ( K P 2 , K )  = 2ERO  
X = E P S 6
2 5 8 0  I F ( X . L T . P M I N )  PMIN=X  
X = QN E / X
A I K ,  K) = A ( K ,  K) *X 
B ( K P 2 , K )  = - B ( K P 2 , K )  *X 
I F ( A ( K , K P 1 ) . E Q . Z E R O )  GO TO 2 6 0 5  
T l =  -  A  ( K,  K) * A ( K , K P 1 )
T 2  = - B ( K P 2 , K )  * A ( K , K P 1 )
DO 2 6 0 0  I = K P 1 , N  
A  {I , K+ 1 )  =A f I , K + l ) + T 1 * A  ( I , K)
B ( I + 2 , K + 1 ) = T 1 * B ( I + 2 , K )
A ( I , K + 1 ) = A ( I , K + 1 )  - T 2 * B ( I + 2 , K )
2 6 0 0  B ( 1 + 2 , K + l } = B I 1 + 2 , K + l ) + T 2 * A { I , K)
GO TO 2 6 2 0  
2 6 0 5  DO 2 6 1 0  I = K P 3 , N P 2  
2 6 1 0  B l l , K P 1 ) - ZER O  
2 6 2 0  B ( K P 3 , K P 1 ) = B ( K P 3 , K P 1 ) - E l i  
2 6 4 0  CONTINUE
S = A ( N , N )  * A ( N , N )  + B I N P 2  , N)  * B  I N P 2 , N )
I F ( A ( N , N )  . N E . Z E R O . O R . B ( N P 2 , N !  . N E . Z E R O )  GO TO 2 6 6 0
A  ( N , N) = E P S 3
B ( N P 2 , N ) = Z E R O
S = E P S 6
2 6 6 0  I F ( S . L T . P M I N )  PMIN=S  
S = O N E / S
P M I N - D S Q RT I P MI N )
TJMAX=C04* (PMIN/HNORM!
A  ( N , N) = A ( N , N >  *S  
B ( NP 2  , N)  = - B ( N P 2 , N )  * 3
1 C
2 6 8 0  S = U R ( N , J J )
UR ( N ,  J J )  =A ( N ,  N) * S - B  ( NP2  , N)  + U R ( N , J J + 1 )
U R ( N ,  J J + 1 ) = A ( N , N ) * U R ( N ,  J J  + 1 ) + B  ( NP2  , N)  * S  
2 6 9 0  DO 2 7 2 0  K= KS , NM1  
J = N - K  
J P 1 = J + 1  
T 1 = - U R ( J , J J )
T 2 = - U R ( J , J J + 1 )
T3 = ZER O
T4 = ZER O
DO 2 7 0 0  I = J P 1 , N  
T 1 = T 1 + A ( I ,  J ) * U R ( I , J J )
T 2 = T 2 + B ( I + 2 , J )  + U R ( I , J J )
T 3 = T 3 + B ( 1 + 2 , J ) * U R ( I , J J + 1 )
2 7 0 0  T 4 = T 4 + A ( I , J ) * U R ( I , J J + 1 )
T 1 = T 3 - T 1  
T 2 = T 2 + T 4
UR ( J ,  J J )  = A ( J ,  J )  + T 1 + B  ( J + 2  , J )  * T 2  
I TR( J ,  J J + 1 ) = B  ( J + 2 ,  J )  * T 1 - A ( J ,  J )  * T 2  
2 7 2 0  I F  (K . NE . N M 1 . A N D . (DABS ( UR(  J ,  J J )  ) +DABS (UR ( J ,  J J + 1 ) ) ) . G T . UMAX) GO TO 2 7 2 5  
GO TO 2 7 4 0
!C
2 7 2 5  I S N = 1
KS = K S + 1
I F ( E l i . N E . ZERO) GO TO 2 7 3 2  
E M A X = O N E / D A B S ( U R ( J , J J )  )
DO 2 7 3  0 1 = 1 ,  N  
2 7 3 0  UR { I , J J )  - U R  ( I , J J )  *EMAX 
GO TO 2 2 5 0
2  7 3 2  EMAX=ONE/  ( DABS ( U R ( J ,  J J )  ) +DABS (UR ( J ,  J J + 1 )  ) )
TO 2 7 3 4  1 = 1 , N 
U R ( I , J J ) = U R ( I , J J ) +  EMAX 
2 7 3 4  UR ( I , J J + 1 ) =UR ( I , J J + 1 } +EMAX
GO TO 2 6 9 0
!C
2 7 4 0  I T E R = I T E R + 1  
ANORM= Z ERO
I F  ( E l I . NE . ZERO) GO TO 2 7 6 0  
DO 2 7 5 0  1 = 1 , N 
2 7 5 0  ANORM-ANORM+DABS (UR ( I , J J )  )
GO TO 2 7 7 5  
2 7 6 0  DO 2 7 7 0  1 = 1 , N
2 7 7 0  ANORM=ANORM+DABS (UR ( I ,  J J )  ) +DABS (UR ( I ,  J J + 1 !  )
2 7 7 5  I F  ( ANO RM. LT. GTOL. AN D.  I S W . E Q .  0 )  GO TO 2 8 6 0  
I F  (ANORM. L T .  SMAX) GO TO 3 0 6 0  
ANORM=ONE/ANORM 
I F ( E l i . N E . ZERO) GO TO 2 8 0 0  
DO 2 7 8 0  1 = 1 , N
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2 7 8 0  U R { 1 , J J ) = U R { I , J J ) * ANORM 
GO TO 3 0 6  0  
2 8 0 0  DO 2 8 2 0  1  = 1 , N
U R { I , J J ) = U R  C I , J J ) * ANORM 
2 8 2 0  U R ( I , J J + 1 ) = U R ( I , J J + 1 ) * ANORM 
GO TO 3 0 6 0  
2 8 6 0  I F ( I T E R . L T . N )  GO TO 3 0 0 0  
DO 2 8 8 0  1 = 1 , N  
U R { I , J J ) = Z E R O
2 8 8 0  U R { I , J J + 1 ) =  ZERO
GO TO 3 0 6 0
I C
3 0 0 0  K S = 1
U R { 1 , J J ) =  E P S 3  
DO 3 0 2 0  1 = 2 , N  
3 0 2 0  U R { I , J J ) = G 2
U R ( N P 1 - I T E R , J J ) = U R { N P 1 - I T E R , J J ) ~ G 3  
I F { E l i . E Q . Z E R O )  GO TO 2 2 4 0  
DO 3 0 4  0  1 = 1 , N
3 0 4  0 U R ( I , J J + 1 ) = Z E R O
GO TO 2 6 8 0
3 0 6 0  C O N T I N U E  
I C
DO 4 0 0 0  1 = 1 , N  
DO 4 0 0 0  J = 1 , N  
4 0 0 0  B ( J , I ) = U R ( I , J )
I F  { N . E Q . 2 )  GO TO 4 2 0 0
DO 4 1 0 0  L = 3 , N
K P 2 = N P 3 - L
K P 1 = K P 2 - 1
DO 4 0 6 0  I = K P 2 , N
I F ( A ( I - K P 1 , L ) . E Q . Z E R O )  GO TO 4 0 6 0  
T = A  { I - K P 1 , L)
DO 4 0 4  Q J  = 1 , N  
4 0 4 0  B ( J , 1 } = B {J , I ) + T * B (J , K P 1 )
4  0 6  0 C O N T I N U E
J = I C ( K P 1 )
I F  { J . E Q . 0 )  GO TO 4 1 0 0  
DO 4 0 8 0  1 = 1 , N 
X = B  ( I , J )
B ( I , J )  = B  { I , K P 1 )
4 0 8 0  B ( I , K P 1 ) =X  
4 1 0 0  C O N T I N U E  
IC
4 2 0 0  DO 4 2 4 0  1 = 1 , N 
F = A ( I , N P 1 )
I F ( F . E Q . O N E )  GO TO 4 2 4 0  
DO 4 2 2 Q  J = 1 , N  
4 2 2 0  B ( J , I ) = B ( J , I ) * F 
4  2 4 0  C O N T I N U E
DO 4 2 8 0  1 = 1 , N  
DO 4 2 8 0  J = 1 , N  
4 2 8 0  U R {J , I ) = B ( I , J )
1C
I S W = 0
DO 4 4 2 0  J = 1 , N
I F { I S W . E Q . 0 )  GO TO 4 3 0 0
I S W = 0
GO TO 4 4 2 0  
4 3 0 0  X = Z E R O  
K= 1
I F { B ( J , N P 1 ) . N E . Z E R O )  GO TO 4 3 6 0  
DO 4 3 2 0  1 = 1 , N
I F  { D A BS  ( U R  ( I , J )  ) . L E . X )  GO TO 4 3 2 0  
X= D A B S ( U R ( I , J ) )
K = I
4  3 2 0  C O N T I N U E
P I V = U R ( K ,  J )
I F { P I V . E Q  * ZERO)  GO TO 4 4 2 0  
P I V = O N E / P I V  
DO 4 3 4 0  1 = 1 , N 
4 3 4 0  U R ( I , J ) = U R ( I , J ) * P I V  
GO TO 4 4 2 0  
4 3 6 0  I S W = 1
DO 4 3 8 0  1 = 1 , N
Y = U R  ( I , J )  * U R { I , J )  + U R ( I ,  J + l )  * U R ( I ,  J + l )  
I F ( Y . L E . X )  GO TO 4 3 8 0  
X = Y  
K= I
4  3 8 0  C O N T I N U E
I F  < X . E Q . Z E R O )  GO TO 4 4 2 0  
T 1 = U R ( K , J ) / X
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T 2 * ~ I T R ( K,  J + l )  / X  
DO 4 4 0 0  1 * 1 , N 
S * U R ( I , J )
UR ( I ,  J )  ==S*T1 -  UR ( I , J  + l ) * T 2  
4 4 0 0  UR ( I , J + l )  = S * T 2 + U R  ( I , J + 1 )  * T 1  
4 4 2  0 CONTINUE
I C
I S W * 0
DO 4 5 2 0  J - l , N  
I F ( I S W . E Q . O )  GO TO 4 4 3 0  
ISW=G
GO TO 4 5 2 0  
4 4 3 0  I F ( B ( J , N P 1 > . N E . Z E R O )  GO TO 4 4 8 0  
DO 4 4 4 0  1 * 1 , N 
4 4 4 0  U I ( I , J ) - Z E R O  
GO TO 4 5 2 0  
4 4 8 0  I S W * 1
E I G R ( J + l ) = E I G R ( J )
DO 4 5 0 0  1 * 1 , N 
U I ( I , J ) * U R ( I , J + l )
U I ( I , J + 1 ) * - U R < I , J + l )
4 5 0 0  U R C I , J + l ) * U R ( I ,  J )
4 5 2 0  CONTINUE  
I C
GO TO 5 0 0 0
I C
4 5 5 0  WRITE ( * , 1 )  N , N A , NB 
I E R *  .3
GO TO 6 0 0 0
1 C
4 6 0 0  I E R * 2
I C ( 1 ) »N  
N*M
WRITE ( * , 2 )
GO TO 6 0 0 0  
5 0 0 0  CONTINUE  
6 0 0 0  RETURN
1 FORMAT( 2 X ,  ' S U B R . D E I G Q R - I N V A L I D  ARGUMENT.  N , N A , N B ' , 1 5 , *  , 1 , 1 5 ,  » , * , I  5 )
2  FORMAT<2 X , ' S U B R . D E I G Q R - N O  CONVERGENCE WI T H I N  .30 I T E R A T I O N S . ' )
END
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Transient Analysis
p r o g r a m  T r a s i e n t _ A n a l y s i s
R e a l  P , Q , V t , C , p i , f , s , V A
R e a l  I I , I c , I t , I d , I q , I d m a g , I q m a g
R e a l  X m d s , Xmd u , X k d l , X I , X m q s , Xmqu, X k q l  
R e a l  R a , R k d l , R k q l  
R e a l  X c , X d , Xq
R e a l  p h i , a l p h a , d e l t a , P F . d e l m a g
D o u b l e  P r e c i s i o n  w , s i _ d , s i _ q , I k d l , I k q l , s i _ k d l , s i _ k q l , w p r e v  
R e a l  J ,  KD, ws , Tt n
D o u b l e  p r e c i s i o n  I d p r e v , I q p r e v , d i f d , d i f q , v d , v q , l k d l p r e v , I k q l p r e v , d i f k d l , d i f k q l
r e a l  d v a r , P A R D , q v a r , P A R Q , c h k s i d , c h k s i q , c h k s i d l , c h k s i q l
r e a l  I d m a x , I q m a x , I d k n e e , I q k n e e , S i d m a x , S i q m a x , p o u t , q i n
i n t e g e r  o p t i o n
c h a r a c t e r  l e a d _ l a g
D o u b l e  p r e c i s i o n  K l  s i d , K 2  s i d , K 3  s i d , K 4  s i d , K l  s i q , K 2  s i q , K 3  s i q , K 4  s i q  
D o u b l e  p r e c i s i o n  Kl  s i k d l , K 2  s i k d l , K 3  s i k d l , K 4  s i k d l , K l  s i k q l , K 2  s i k q l , K 3 _ s i k q l , K 4 _ s i k q l  
D o u b l e  p r e c i s i o n  Kl  w , K 2  w , K 3  w , K 4 w , K l  d e l t a , K 2 _ d e l t a , K 3 _ d e l t a , K 4 _ d e l t a  
D o u b l e  p r e c i s i o n  t . _ s t a r t , t . _ i n i s h , t _ s t e p , t _ c l
PRINT ' I n i t i a l  V a l u e  I n p u t '
p r i n t  * , ' o p t i o n  1 :  d - a x i s  s a t u r a t i o n '  
p r i n t  * , ' o p t i o n  2 :  d -  a n d  q - a x i s  s a t u r a t i o n '
r e a d  * , o p t  i o n
P r i n t .  " * , ' 0 1 6 3 1 1 0 9  t i m e  i n  s e c ,  g r e a t e r  t h a n  0 . 0 5  a n d  l e s s  t h a n  2*
R e a d  * , t _ c l
P=0  . 7
i f  ( o p t i o n . e q . 1)  t h e n  
Q -  1 . 1 4 7 0 8 2  
e n d  i f
i f  ( o p t i o n . e q . 2 )  t h e n  
Q »  1 . 1 4 6 3 4  
e n d  i f
p h i  = a t a n ( Q / P )
V t  « 1 . 0  
W = 1 . 0  
WS = 3 7 6 . 9 9  
Tm = P
Xmdu = 1 . 2 6 7  
X k d l = 0 . 0 3  
X I  = 0 . 0 3 1 7  
X m q u - o . 3 1 7  
X k q l = 0 . 0 3  
R a = 0 .  03 .92  
R k d l  = 0 . 0 3  
R k q l  = 0 . 0 2
p i  = 3 . 1 4 1 5 9  
v b  = V t  
J  = 2 .  0 
K D = 0 . 0 0
I d m a x  =  4  
I q m a x  = 4 
I d k n e e  =• 0 . 2 5  
I q k n e e  = 0 . 5 4  
s i d m a x  = 4 . 5  
S i q m a x  = 1 . 3  0 1
t  s t a r t  -  0 . 0 0 0  
t  f i n i s h  =* 4 . 0  
t _ s t e p  = 0 . 0 0 0 4 1 6 7
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DO 100 t = t__start, t_f inish, t__st.ep
i f  ( t . q e . 0 . 0 5 )  t h e n  
q o t o  1 5  
e n d  i f
X m d s * x m d u  
Xmqs =Xmqu  
Xq *  Xmqu + XI  
Xd = Xmdu + X I
I t = ( ( P * * 2 . 0 + Q * * 2 . 0 ) * * 0 . 5 )  / V t
d e l t a = a t a n ( a b s  ( I t * X q * c o s  ( p h i )  + I t * R a * s i n  ( p h i ) ) / a b s  ( V t + I t . * R a * c o s  ( p h i )  - I t * x q * s i n  ( p h i ) ) ) 
I d = l t * ( s i n ( d e l t a - p h i ) )
I q = I t * ( c o s ( d e l t a - p h i ) j
I q m a q = a b s ( I q )
I d m a g * a b s ( I d )
2 0  c o n t i n u e
i f  ( o p t i o n . e q . l )  t h e n
i f  ( I d m a q . l t . 0 . 2 5 )  t h e n  
X m d s  = Xmdu  
e n d i f
i f  ( I d m a g . g e . o . 2 5 . a n d . I d m a g . I t . 6 . 0 )  t h e n
X m d s  - (  ( - Q . 0 6 9 3 * ( I d m a g * * 2 ) )  + ( 1 . 1 6 0 5 * I d m a g ) + 0 . 0 3 1 ) / I d m a g  
e n d i f
i f  ( I d m a g . g e . 6 . 0 )  t h e n  
X m d s  * S i d m a x / I d m a g  
e n d i f  
Xmqs =Xmq u
e n d i f
i f  ( o p t i o n . e q . 2 )  t h e n
i f  ( I q m a q . l t .  . 1 .  0 3 7 )  t h e n  
Xmqs  = Xtnqu 
e n d i f
i f  ( I q m a g . q e . 1 . 0 3 7 . a n d . I q m a q . l e . 6 . 0 )  t h e n
X mqs  «  ( ( - 0 . 0 1 6 1 * ( I q m a g * * 2 > ) + ( 0 . 3 0 9 2 * I q m a g ) + 0 . 0 2 5 4 ) / I q m a g  
e n d i f
i f  ( I q m a q . q t . 6 . 0 )  t h e n  
Xmqs  = S i q m a x / I q m a g  
e n d i f
i f  ( I d m a q . l t . 0 . 2 5 )  t h e n  
X md s  * Xmdu  
e n d i f
i f  ( I d m a q . q e . 0 . 2 5 . a n d . I d m a q . I t . 6 . 0 )  t h e n
X mds  = ( ( - 0 . 0 6 9 3 * ( I d m a g * * 2 ) ) + ( 1 . 1 6 0 5 * I d m a g ) + 0 . 0 3 1 ) / I d m a g  
e n d i f
i f  ( I d m a q . q e . 6 . 0 )  t h e n  
Xmds  * S i d m a x / I d m a g  
e n d i f  
e n d i f
Xq = X mqs  + XI  
Xd  * X m d s  + X I
I d p r e v = I d  
I q p r e v * I q
d e l t a = a t a n ( a b s ( I t * X q * c o s ( p h i ) + I t * R a * s i n ( p h i ) ) / a b s ( V t + I t * R a * c o s  ( p h i ) - I t * X q * s i n  ( p h i ) ) )
I d = I t * ( s i n ( d e l t a - p h i ) >
I q = I t . *  ( c o s  ( d e l t a - p h i )  >
I d m a q = A b s ( I d )
I q m a g « A b s ( I q )
d i f d * a b s ( I d p r e v - I d )  
d i f q = a b s ( I q p r e v - I q )
I f ( d i f d . g e . I E - 4 . o r . d i f q . g e . I E - 4 ) GOTO 2 0
2 3  v d  = v t . * s i n ( d e l t a )  
v q  = V t * c o s ( d e l t a )
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s i  q  = - I q * X q  
s i  d  = - I d * X d  
s i  k d l  = - I d * X m d s  
s i  k q l  = - I q * X m q s  
I k d l O  = 0 . 0  
I k q l O  = 0 . 0
Te  = { s i  d * I q  -  s i  q * I d )
p o u t  « ( ( v d * * 2  + v q * * 2 ! * * 0 . 5 ! * ( ( I d * * 2 + I q * * 2 ) * * Q . 5 ) *  c o s ( p h i )  
q i n  = ( ( v d * * 2  + v q * * 2 ) * * 0 . 5 ) * j ( I d * * 2 + I q ‘ * 2 ) * * 0 . 5 ) *  s i n ( p h i )
' I n i t i a l  q - a x i s  f l u x  l i n k a q e  ( S I  Q ) : ' , a i  q  
' I n i t i a l  d - a x i s  f l u x  l i n k a q e  ( S I _ D )  .• ' , s i _ _ d  
' l o a d  a n q l e  ( D e l t a ) : 1 , d e l t a * 5 7 . 3  
' I n i t i a l  d - a x i s  c u r r e n t  ( I d ) : ’ , I d  
’ I n i t i a l  q - a x i s  c u r r e n t  ( I q ) : ’ , I q  
' d - a x i s  t e r m i n a l  v o l t a q e  ( V d ) : ' , v d
' q - a x i s  t e r m i n a l  v o l t a q e  ( V q ) : ' , v q
' S t a t o r  c u r r e n t  ( I T ) ; ' , I t  
' S a t u r a t e d  q - a x i s  r e a c t a n c e  (X m q s X m q s  
' S a t u r a t e d  d - a x i s  r e a c t a n c e  { X m d s ) : ’ , Xmds  
' S a t u r a t e d  q - a x i s  d a m p e r  f l u x  l i n k a q e  ( s i  k q l ) : ' , s l  k q l
' S a t u r a t e d  d - a x i s  d a m p e r  f l u x  l i n a k g e  ( s i _ k d l ) : ’ , s i _ k d l
' p o w e r  f a c t o r  a n g l e ' , p h i * 5 7 . 3  
' T o r q u e ; '  , T e
OPEN( 1 , F I L E - ’ t r a s i e n t  c u r r e n t s . d a t ' )
p r i n t . *
p r i n t *
p r i n t +
p r i n t *
p r i n t *
P r i n t *
P r i n t
p r i n t *
p r i n t */
p r i n t *
p r i n t * ,
p r i n t *
p r i n t *
p r i n t * ,
OPEN( 2 , F I L E - ' t r a s i e n t  
OPEN! 3 , F I L E - ' t r a s i e n t
f l u x e s . d a t ' i 
t o r q u e  d e l t a . d a t ‘ )
OPEN( 4 , F I L E - 1t r a s i e n t _ p o w e r . d a t ' )  
T e  = - {Xmds -  X m q s ) * I d * l q
Go t o  1 7  
15  i f  ( t  . I t . .  2 . 0 )  t h e n  
V t  = 1 . 0  
e l s e i f  ! t  . I t .  t _ c l ) t h e n  
V t  -  0 . 0  
e l s e
V t - 1 . 0
e n d i f
Vd  -  V t * s i n ( d e l t a )
Vq  = V t * c o s ( d e l t a )
Kl  a i d  -  t. s t e p * w s * ( V d  + R a * I d  + w * s i  q)
Kl  s i q  = t  s t . e p * w s * ( V q  + R a * I q  -  w * s i _ d )
Kl  s i k d l  = t. s t e p * ( - R k d l * I k d l ) * w s  
Kl  s i k q l  = t  s t e p * ( - R k q l * I k q l ) * w s
Kl  w = t  s t e p * { ( T m - ( s i  d * I q  -  s i _ q * l d ) - K D * w ) / ( 2 . * J ) )
K l _ d e l t . a  = t . _ s t . e p *  (w -  l . 0 ) * w s
K2 s i d  = t  s t e p * ( V d  + R a * I d  + ( w + o . 5 * K l  w ) * ( s i  q  + Kl  s i q / 2 . ) )  *ws
K2 s i q  -  t  s t e p * ( V q  + R a * I q  -  ( w+O. 5 * K l _ w ) * ( s i _ d  + K l _ s i d / 2 . ) ) *ws
K2 s i k d l  = t  s t e p * ! - R k d l * l k d l ) * w s  ~  ~
K2 s i k q l  = t  s t e p *  i - R k q l * I k q l ) * w s
K2 w -  t  s t e p * { ( T m - E ( s i  d  + Kl  s i d / 2 . ) * I q  -  ( s i _ q  + K l _ s i q / 2 . ) ’ I d ) - K D * ( w + K l _ w / 2 . 0 ) ) / ( 2 . * J ) ) 
K 2 _ d e l t a  = t . _ s t e p *  ( ( w + K l _ w / 2  . 0 )  -  l . o ) * w s
K3 s i d  = t  s t e p * ( V d  + R a * I d  + ( w + 0 . 5 * K 2  w ) * { s i  q  + K2 s i q / 2 . ) ) * w s
K3 s i q  -  t  s t e p *  ( v q  + F. a* I q  -  ( w + 0 . 5*K2_w)  * ( s i _ _d  + K 2 _ s i d / 2 . ) ) *ws
K3 s i k d l  -  t  s t e p * ( - R k d l * I k d l ) * w s  
K3 s i k q l  »  t  s t e p * ! - R k q l * I k q l ) * w s
K3 w -  t  s t e p * ( ( T m - { ( s i  d  + K2 s i d / 2 . ) * I q  -  ( s i _ q  + K 2 _ s i q / 2 . ) * I d ) - K D * ( w + K 2 _ w / 2 . 0 ) ) / ( 2 . 0 * J ) ) 
K 3 _ d e l t a  -  t . _ s t e p *  ( ( w + K2 _ w / 2  . 0 )  -  l . o ) * w s
K4 s i d  = t  s t e p M V d  + R a * I d  + (w+K3 w ) * ( s i  q  + K3 s i q ) ) * w s
K4 s i q  = t  s t e p * ( V q  + R a * l q  -  ( w + K 3 _ w ) * ( s i _ d  + K 3 _ s i d ) ) * w s
K4 s i k d l  = t  s t e p * ( - R k d l * I k d l ) * w s  
K4 s i k q l  = t  s t e p * ( - R k q l * I k q l ) * w s
K4 w -  t  s t e p * ( ( T m - ( ( s i  d  + K3 s i d ) * I q  -  ( s i _ q  + K 3 _ s i q ) * I d ) - K D * ( w + K 3 _ w ) ) / ( 2 . 0 * J ) )
K . 4 _ d e l t a  = t _ s t e p *  ( (w+K3_w)  -  1 . 0 i * w s
s i  d  -  s i  d  + ( l . / 6 . ) * ( Kl  s i d  + 2 . * K 2  s i d  + 2 . * K 3  s i d  + K4 s i d !
s i  q  -  s i  q  + ( l . / 6 . ) * ( K l  s i q  + 2 . * K 2  s i q  + 2 . * K 3  s i q  + K4 s i q )
s i  k d l  = s i  k d l  + ( l . / 6 . ) * ( K l  s i k d l  + 2 . * K 2  s i k d l  + 2 . * K 3  s i k d l  + K4 s i k d l !
s i  k q l  = a i  k q l  + ( l . / 6 . ) * ( K l  s i k q l  + 2 . * K 2  s i k q l  + 2 . * K 3 _ s i k q l  + K 4 _ s i k q l )
W - W +  ( l . / 6 . ) * ( K l  W  + 2 . *K2 W  + 2 . * K 3  W + K4 w)
d e l t a  = d e l t a  + ( l . / 6 . ) * ( K l  d e l t a  + 2 . *K2 d e l t a  + 2 . * K 3  d e l t a  + K4 d e l t a )
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3 0  c o n t i n u e
l d p r e v « l d
I q p r e v = I q
I k d l p r e v = I k d l
I k q l p r e v = I k q l
I d  = -  ( s i  d  -  ( x m d s / ( X m d s + X k d l ) ) * s i  k d l )  /  ( ( X m d s + X l )  -  ( ( Xmds *Xmds )  /  ( X m d s + X k d l ) ) )
I q  * - (  s i q -  { X m q s / ( X m q s + X k q l ) ) * s i  k q l  ) /  ( ( X m q s + X l )  -  ( SXmqs*Xmqs)  / ( X m q s + X k q l ) ) )
i k d i  = ( s i  k d l  + X m d s * I d  ) /  ( X m d s + X k d l )
I k q l  = ( s i _ k q l  + X m q s * i q  ) /  ( X m q s + X k q l )
I q m a q  * a b s ( - I q + I k q l )
I d m a g  « a b s  ! - I d + I k d l )
c h k s i d  -  ( -  0 . 06 . 93*  ( I d m a g * * 2 ) )  + { ! .  1 6 0 5 * I d m a g )  + 0 . 0 3 1  
c h k s i q  = { - 0 . 0 1 6 1 * ( I q m a g * * 2 ) ) + ( o . 3 0 9 2 * I q m a g ) + 0 . 0 2 5 4
i f  ( o p t i o n . e q . l j  t h e n
i f  ( I d m a q . l t . . 0 . 2 5 )  t h e n  
Xmds  » Xmdu  
e n d i f
i f  ( I d m a q . q e . 0 . 2 5 . a n d . I d m a g . I t . 6 . 0 )  t h e n
Xmds  = ( ( - 0 . 0 6 9 3 * ( I d m a g * * 2 > ) + ( 1 . 1 6 0 5 * I d m a g ) + 0 . 0 3 1 ) / I d m a g  
e n d i f
i f  ( I d m a g . g e . 6 . 0 )  t h e n  
Xmds  = S i d m a x / I d m a g  
e n d i f  
Xmqs * Xmqu
e n d i f
i f  ( o p t i o n . e q . 2 )  t h e n
i f  ( I q m a g . I t . . 1  . 0 3 7 )  t h e n  
Xmqs  -  Xmqu  
e n d i f
i f  ( I q m a q . q e . 1 . 0 3 7 . a n d . I q m a q . l e . 6 . 0 )  t h e n
X mqs  = ( ( - 0 . 0 1 6 1 * ( I q m a g * * 2 ) ) + ( 0 . 3 0 9 2 * I q m a g ) + 0 . 0 2 5 4 ) / I q m a g  
e n d i f
i f  ( I q m a q . q t . 6 . 0 )  t h e n  
Xmqs  -  S i q m a x / I q m a g  
e n d i f
i f  ( I d m a g . I t . 0 . 2 5 )  t h e n  
Xmds  = Xmdu  
e n d i f
i f  ( I d m a q . q e . 0 . 2 5 . a n d . I d m a g . I t . 6 . 0 )  t h e n
Xmds  = ( ( - 0 . 0 6 9 3 * ( l d m a g * * 2 ) ) + ( l . I 6 0 5 * l d m a g ) + 0 . 0 3 1 ) / i d m a g  
e n d i f
i f  ( I d m a q . q e . 6 . 0 )  t h e n  
Xmds  = s i d m a x / I d m a g  
e n d i f  
e n d i f
d i f d = a b s ( I d p r e v - I d )  
d i f q = a b s  f I q p r e v - I q )  
d i f k d l = . a b s  ( I k d l p r e v - I k d l )  
d i f k q l = a b s ( I k q l p r e v - I k q l )
I f ( d i f d . q e . l . O E - 4 . o r . d i f q . g e . l . O E - 4  . o r .  d i f k d l . g e . 1 . O E - 4 . o r . d i f k q l . g e . 1 . 0 E - 4 ) GOTO 30
T e  «  - ( X m d s  -  X m q s ) * I d * I q
p o u t  = ( ( v d * * 2  + v q * * 2 ) * * 0 . 5 ) * ( ( I d m a g * * 2 + I q m a g * * 2 ) * * 0 . 5 ) *  c o s ( p h i )  
q i n  = { ( v d * * 2  + v q * * 2 ) * * 0 . 5 ) * ( ( I d m a g * * 2 + I q m a g * * 2 ) * * 0 . 5 ) *  s i n ( p h i )
1 7  WRITE ( 1 , ' ( 7 F 1 0 . 5 ) ! ) t , I d , I q , I k d l , I k q l  
WRITE ( 2 , '  ( 5 F 1 0 . 5 ) ' )  t , s i  d ,  s i  q , s i  k d l , s i _ k q l  
WRITE ( 3 , ' ( 4 F 1 0 . 5 ) ' )  t , T e , 5 7 . 3 * d e l t a , w  
WRITE ( 4 ,  ' ( 3 F 1 0  . 5)  1 j t . ,  p o u t ,  q i n  
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ABSTRACT
Increasing environmental concerns and decreasing stocks o f fossil fuels encourage wind power 
generation worldwide. In Canada, being consistent with the world wide growth, wind power is 
growing at an impressive rate as a potential energy source. This paper investigates the status 
and prospects o f wind power development in Canada. Currently, Canada has an installed wind 
power capacity o f 444 MW and the target is to reach the 4,000 MW mark by 2010 to meet the 
Canadian Government’s commitment to reduce the emission o f greenhouse gases. Federal and 
provincial governments are encouraging the application of wind power by implementing 
different policies and programs. Some of these policies are discussed in this paper. In this 
article, a few key issues which the country has to overcome in order to utilize the significant 
untapped wind energy available have been discussed along with their possible solutions.
Keywords: wind energy; renewable energy; wind turbines; Canada
1. INTRODUCTION
. Wind energy sources have the potential to significantly reduce fuel costs, greenhouse 
gas emissions, and natural habitat disturbances associated with conventional power 
generation [1]. Wind turbine generators can be employed to supply basic electricity in 
rural or isolated areas without any power infrastructure. Moreover, wind energy has a few 
intrinsic advantages, such as availability in the most o f the world, sustainability, aesthetic 
values, and employment opportunities. Active public awareness of the need to protect the 
environment has encouraged many countries to promote wind power generation [2-8]. 
The major energy crisis of 1970s also brought copious attention toward the use o f 
renewable wind energy [9, 10]. Many large industrial companies have made massive 
investments in the development o f wind turbine technology. As a result, wind energy has 
become competitive with the conventional form of energy and continues to be the fastest 
growing power generating technology in the world. According to the Global Wind 
Energy Council, global wind power capacity grew to 48 GW in 2004, having increased 
by over 32% per year over previous five years [11]. Canada, like most industrialized 
countries, is focusing on the wind energy for clean power generation to provide a wide 
range o f benefits to its environment, economy and society. Canada has significant 
untapped wind resources available. For example Northern Quebec (Nunavik) alone has 
enough wind resource to produce 40% of Canada's electricity needs [12]. The current 
installed wind power generation capacity in Canada is of 444 MW. Wind energy sources
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can help improve Canada’s greenhouse gas emission scenario which is an important 
consideration, with the implementation of the Kyoto Protocol in 1998 [13].
This paper investigates the progress and future direction o f wind energy development 
in Canada. In this study, the present Canadian power system has been studied to realize 
the market for wind generated electricity. The progress of wind turbines in Canada has 
also been studied. The present status o f Canadian wind energy has been investigated to 
study provincial advancement and future scenarios. A review o f small wind systems, for 
individual owners, is included. The fiscal, political or economical efforts, e.g. the wind 
power production incentive (WPPI) [14]; that encourage the uptake of wind energy have 
been considered. There are many reasons why it is beneficial for Canada to increase 
application o f wind power but at the same time, a few institutional barriers have to be 
overcome to make greater inroads. These barriers have prevented the full advancement of 
wind energy and steps taken to eliminate them have been identified. Some 
recommendations have been made which can be useful to enhance the growth o f wind 
energy in Canada.
2. CANADIAN ELECTRIC POWER SYSTEMS
Canada, the second largest country by area in the world, is bound on the north by the 
Arctic Ocean; by the Atlantic Ocean on the east; by the United States on the south; by the 
Pacific Ocean and Alaska on the west. Despite extreme geographical and climatic 
conditions, Canada’s power industry has become an international leader by providing 
high quality power which is essential to maintain the rapid growth o f Canadian economy. 
Electrical power industry is spread all over the huge land o f Canada which has 10 
provinces and 3 territories as shown in Table land Fig. 1. The success o f wind energy in 
Canada depends on the infrastructure o f existing power system and thus it is important to 
know the current scenario of electrical power in Canada.
2.1 Canadian power systems -  generation
Electrical power has become a foundation o f the Canadian life and economy. Canadians 
are the third highest per capita users o f electricity in the world, with 15.5 MWh per capita 
usages in 2005 [15]. Total Installed electrical power generating capacity o f Canada was 
113 GW in 1999. As of 2003, 59% of Canada's electric power is generated from hydro, 
18% from thermal fossil fuel and 13% from nuclear thermal energy as shown in Fig. 2
[16]. The past, present and future energy production by different sources is given in Fig. 
3 [17]. In terms of its global position [18]
• Canada is the fifth largest producer o f electric power in the world, generating 4 
per cent of the world's total.
• Canada is the world's largest producer o f hydro power.
• Canada is the world's second largest electricity exporter.
2.2 Canadian power systems -  transmission
Another significant achievement o f Canadian power industry is the transmission o f
electrical power throughout its extensive area. . Canada’s predominant power sources are
hydro sites often located far from consumers. To facilitate the power supply, new
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transmission technologies have been pioneered in Canada, such as the first 735 kV a.c. 
transmission line o f the world, which is state-of-the-art in extra high voltage (EHV) 
alternating current and high voltage direct current (HVDC). Considering all transmission 
lines rated equal or greater than 50 kV, Canada's transmission network measures 1, 
58,156 kilometres [18].
2.3 Canadian power systems -  utility
In Canada, electric utilities are mainly governed by the Provincial or Municipal 
jurisdictions. Canada's utilities participate not only nationally, but also in international 
trade with the USA. In 2000, Canada exported 50.06 TWh (valued at C$4.08 billion) to 
the United States. This trade has helped, in a number o f Provinces, to reduce electricity 
prices to be among the least in the world. The electrical power industry is changing with 
new kinds o f electricity companies in many Provinces because o f the deregulation of the 
market [19]. The utility functions o f generation, transmission, distribution and retail are 
being separated and being handled by different companies instead o f a single one. For 
example, Ontario Hydro was split into a number o f successor organizations as Ontario 
Power Generation Inc. and Hydro One on April 1, 1999. Ontario Power Generation 
handles generation aspects, and Hydro One takes care of transmission and distribution
[20]. Power quality, system reliability and environmental issues are coming up as the 
matter o f concern, creating a need for specialized engineering techniques. Canadian 
utilities are changing vigorously to surpass these challenges.
Table 1: Provinces and territories of Canada.
............................................................. ........ Provinces.................... ....._ ...... _...... _.._..._....... .......
Alberta (AB) Newfoundland & Labrador Prince Edward Island (PEI)
British Columbia Nova Scotia (NS) Ouebec (POl
Manitoba (MB) Ontario (ON) Saskatchewan (SK)
New Brunswick (NB)
Territories
Nunavut (NV) Northwest Territories (NWT) Yukon Territory (YI)
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3. GROWTH IN WIND POWER -  WORLD WIDE
Through out the world, wind energy is coming up as an alternative to conventional 
energy sources. Environmental concerns and commitments are making the pathway of 
wind power into the worldwide electricity market. The steady growth o f the worldwide 
trend o f wind energy over the last decade indicates the increasing employment o f the 
wind energy. Fig. 4 shows the global wind energy capacity and additions in each year up 
to the year 2004 [21]. During 2004, global wind power capacity increased by 7,976 MW 
to 47,317 MW, an increase o f 20 % of the total wind generating capacity .. Wind energy 
is expanding in all countries. For example, by the end of 2004, Germany (16,629 MW), 
Spain (8,263 MW), the United States (6,740 MW), Denmark (3,117 MW) and India 
(3,000 MW) are the countries leading the list in terms of total installed wind power 
capacity [22]. By the end o f 2004, a number o f countries were close to 1,000 MW wind 
capacity, e.g. Italy, the Netherlands, Japan, and the UK. Fig. 5 demonstrates graphically 
the regional distribution of wind energy by the end o f 2004. Worldwide status, as o f end 
2004, is given in Table 2 [22]. Fig. 6 shows the top ten countries in terms o f total 
generating capacity and Fig. 7 shows the top ten countries in terms o f new installed 
capacity in 2004. The future prospect of the global wind energy is very promising; with 
the current rate o f growth, the total installed capacity could quadruple from 47 GW in 
2004 to 160 GW in 2012. Several international organizations have made estimates of 
future wind power implementation. The World Energy Council, WEC 1993, made two 
scenarios for wind power installations by 2020. In a “Current Policy” scenario WEC 
estimates 180 GW of installed wind power capacity by 2020 and in an “Ecologically 
Driven Scenario” WEC estimates wind energy will provide 5 % o f the Worlds electricity
demand by 2020 [23].
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Table 2: Wind power capacity in MW at the end of 2004 -  different countries.
Total as of During Total as of
AFRICA
Egypt 98 47 145
Morocco 54 0 54
Tunisia 20 0 20
Other Countries 6 0 6
ASIA
China 567 197 764
India 2,125 875 3,000
Japan 687 189 876
Other Countries 29 8 37
EUROPE
EU-25 Countries 28,567 5,703 34,270
EFTA Countries 106 63 169
EU Accession countries 20 8 28
Other Countries 64 0 64
LATIN AMERICA
Argentina 26 0 26
Brazil 22 7 29
Colombia 20 0 20
Costa Rica 71 0 71
Jamaica 0 20 20
Other Countries 20 22 42
NORTH AMERICA
Canada 321 123 444
United States of America 6,374 389 6,763
PACIFIC REGION
Australia 198 182 380
New Zealand 36.3 132.4 168.7
Other Countries 0 11 11
World Total 39,431.3 7,976.4 47,407.7
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4. WIND POWER IN CANADA -  CURRENT STATUS AND PROSPECT
Wind energy in Canada is increasing rapidly, following the world wide trend. The total 
installed generating capacity is increased from a trivial 19 MW in 1994 to 444 MW in
2004. Before 1999, wind power in Canada was increasing at a restrained rate, but from 
1999 onwards it grew rapidly. In 2004, 123 MW of installed capacity were added to the 
total capacity, which is a 38% increase over the capacity of previous year. The growth is 
expected to continue, even at a steeper rate, in future.
4.1 Progress in the past
The first commercial Canadian wind project was established in 1993 at Cowley Ridge 
[24], near Pincher Creek, in southern Alberta. In 1993, wind energy was employed only 
in Alberta and Yukon. Ontario was added to the list in 1995 [25]. All other provinces 
started employing wind power around 1999. In that year, a huge amount o f 99.75 MW 
was installed (Le Nordais) on the south shore o f the St. Lawrence River on the Gaspe 
Peninsula in Quebec. The project comprises 134 turbines, each with a capacity o f 750 
kilowatts. Electricity production o f about 300 GWh per year is sold to Hydro-Quebec 
under a long-term contract paying a reported $58 per MWh [26]. In recent years, most o f 
the developments in terms of capacity have been done in the province o f Alberta such as 
75 MW in 2003 and 105 MW in 2004. Among the other developments, 17 MW in 
Saskatchewan in 2001 and 11 MW in Ontario in 2002 and 58 MW in 2001 in Alberta are 
significant additions [12]. Fig. 8 shows total and added installed capacity in each year and 
Fig. 9 shows the provincewise addition in each year.
4.2 Current status
As of 2004 December the total installed capacity in Canada is 444 MW, of which almost 
all the portions is from horizontal axis turbine, and only 135 kW is from vertical axis 
turbine. At present, there are two vertical axis turbines in Canada, both used for testing 
and research purpose. The one with capacity o f 100 kW is situated in University o f 
Quebec [27], and the other one with 35 kW is located in Atlantic Wind test Site, Prince 
Edward Island [28]. Among the Provinces, Alberta and Quebec lead with 275 MW and
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113 MW respectively. Fig.10, F ig .ll and Fig.12 shows wind turbines in different 
Canadian sceneries. Different Provincial governments have already formally approved 
commissioning of 2,077.5 MW. Total Installed capacity and approved capacity to be 
installed o f each Province at the end o f 2004 is shown in Fig. 13. Quebec alone is going 
to introduce 1,343 MW shortly. Ontario, Saskatchewan and Nova Scotia has approved 
355, 155 and 52 MW respectively. British Columbia, New Brunswick and Manitoba are 
going to start their wind power venture very soon with 58.5, 20 and 99 MW. In British 
Columbia, Nai Kun Wind Development is developing a 700 MW off-shore wind project 
in the Queen Charlotte Islands, in partnership with ABB New Ventures, an engineering 
and development firm based in Mannheim, Germany. The project is the biggest o f its 
kind in North America [29].
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Provincewise increment in generation of wind energy in Canada.
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4.3 Future targets
The increasing trend of wind energy will definitely continue in the future as all the 
Provinces have proposed to install more in order to achieve the overall Canadian target of
4,000 MW by 2010 [30], Canadian Wind energy Association has set an ambitious target 
o f 10,000 MW by 2010. In terms o f provincial targets, Alberta has a target o f 1200 MW 
by 2007 and Ontario has target o f 1600 MW by 2007. Manitoba is planning to achieve 
1000 MW from wind energy over the next decade. Nova Scotia is targeting 1.2% of the 
total power needed by the province by 2005 and 0.75% increase per year to achieve 5% 
of the total electrical energy within 2010. Prince Edward Island has an ambitious target of 
achieving 15% of the total energy by adding another 40 MW within 2010 and envisions 
supplying the Island’s entire demand by wind power by 2015 [30-33].. In Ontario, 
Government is buying wind power at $80.0 per MWh. Quebec has an average price of 
$60.0 per MWh paid to wind producers. In Nova Scotia presently the price ranges from 
$70.73 to $65.23 per MWh. The effort is ongoing to reduce the cost o f electricity 
produced through wind power. As example, Alberta is targeting an average price of 
$43-50 per MWh for the purchase o f electricity from wind turbines, and for Nova Scotia 
the target is $50/MWh. [30, 32-33]. Canadian power sector is planning to utilise more 
wind power in the future to reduce the emission o f harmful green house gases and to 
fulfill the commitment towards the Kyoto Protocol [34].
5. SMALL WIND
In Canada, wind power generation is broadly categorized into two groups, large-scale and 
small-scale. Large-scale wind generation provides power to the local utility grid, as does 
large-scale conventional power generation, however wind power is much more 
dispersed. . Clustered together in a wind farm, large turbines can produce enough energy 
for thousands of distant homes and businesses. Small-scale wind generation provides 
local, on-site power to a home or business. Small-scale wind can be further classified in 
micro, mini and small [35].
•  Micro-scale (100W or less) wind system can be used for electrical fences, 
communication systems and educational purposes.
• Mini scale (100W -  10 kW) system is best suited for home, water pumping, 
cathodic protection, telecommunication systems, area and emergency lighting.
• Small-systems (lOkW -  50kW) are large enough to provide the electricity 
needs o f a small firm or business or a remote community or camp.
Large-scale wind systems of 300 kW and above feed electricity directly to the grid. The 
Canadian Standard Association Standard CSA-F418-M91 wind energy systems -  
interconnection to the electric utility deals with the grid connectivity issues [36]. It is also 
technically feasible to connect small-systems to utility grid through proper billing system. 
As an example, Ontario Hydro Services Company’s Net Billing Option pilot program is 
designed for small renewable energy generators (less than 50 kW) that are connected to 
the grid. Under the program, a small wind generator can supply electricity to the grid, 
balancing out the electricity that the owner o f the system purchases from the grid. In
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effect, Ontario Hydro Services Company purchases electricity from the owner at the 
same rate at which they sell it to the household. A small wind turbine costs $2000 -  
$8000 per kilowatt. However, this is only 12 -  48% of the total cost o f a complete wind 
system. As there is no running cost for wind system, the cost of energy produced has 
been estimated as $0.07 -  $0.96 per kWh over the lifetime [37].
Figure 10: Cowley-Ridge wind farm, Alberta (Courtesy: Vision Quest Windelectric Inc.)
«*%,. I
Figure 11: Wind farm in Cap Chat, Quebec. (http://www.quebecmaritime.qc.ca)
Figure 12: Kincardine Wind Farm, Ontario. Kincardine amateur weather station (www.pilor.com)
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Figure 13: Province wise installed capacity and sanctioned installation in 2004.
A few companies in Canada, such as, AeroJoule -Wind Energy for People, Atlantic 
Orient Canada Inc., True-North Power Systems are providing adequate resources, as well 
as technical knowledge, to promote the small scale wind system in Canadian homes.
6. DEVELOPMENT OF WIND TURBINES IN CANADA
With ongoing research and efforts to popularize the employment o f wind energy, wind 
turbines are also improving to be capable of dealing with more power. From a typical 
capacity o f 350 kW in 1993, the power generating capacity o f wind turbines have 
increased to about 5 MW in 2005. In Canada, research programs were entirely focused on 
Darrieus design o f vertical axis turbine in the 1970’s and 1980’s. During the peak o f that 
research, two Canadian scientists -Peter South and Raj Rangi reinvented Darrieus design 
at the National Aeronautical Laboratory o f Canada [38]. The first large Darrieus turbine 
constructed was a 230-kW machine on Magdalen Island, Quebec, Canada in May, 1977. 
Unfortunately, on July 6, 1978, the turbine started by itself, and went well over the design 
speed of 38 rpm, letting the turbine crash to the ground [39]. This VAWT research 
reached the peak with the building o f a 4.2 MW vertical-axis wind turbine with a rotor 
height o f 96 m and 64 m diameter at the midpoint called "Eole C" in Cap Chat, Quebec. 
The wind turbine operated commercially from March 1988 to April 1993, producing 
about 12,000 MWh [40] The main problems, responsible for slowing down the 
deployment o f Darrieus turbines as compared with the horizontal axis turbines, are stated 
below [41].
■ Poor performance relative to reliability and efficiency
■ The VAWT is mounted close to the ground where wind speed is low.
■ Turbine needs a motor to start it moving as it is not self-starting.
■ Replacing the main bearing requires taking down the whole machine 
Currently, a few researches are going on to improve the performance o f VAWTs, 
particularly on the Darrieus design [42, 27-28] If successful, these projects may 
reestablish VAWT technology in the wind turbine markets. However, at present, the 
Canadian wind turbine market is completely dominated by the horizontal axis turbines. 
Since 2001, a prominent proportion of the wind turbines in Canada are of 1 MW or more
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[12]. The current inventory o f wind turbines o f Canada is given in Table 3 [12]. In 2003 
August, a 3 MW turbine was installed in Prince Edward Island which is the largest 
operating turbine in Canada. Though most o f the turbines currently in use are o f 600 -  
750 kW, looking at the recent trend, i.e. 2004 and 2005, it is evident that turbines o f large 
rating are becoming standard for utility scale wind application.
7. SIGNIFICANT POLICIES IN CANADA
Canada has ample wind energy potential and for complete utilization o f that unexploited 
resource a supportive policy framework along with technological support is critically 
needed. The main technical support is provided by the Wind Energy Research and 
Development (WERD) Program, at Natural Resources Canada, a department o f the 
Federal Government of Canada. An increasing number o f incentive programs and 
policies are being promoted by Federal and Provincial Governments to support wind 
energy deployment [12]. Some o f these policies are
7.1 Federal policies
• Wind Power Production Incentive. In 2002, Canada introduced C$260 million
worth
Wind Power Production Incentive (WPPI) program to boost the usage o f wind 
energy facilities in Canada. WPPI offers a financial incentive o f 1.0 cent per kWh 
to qualifying wind turbines. WPPI program will provide financial support for the 
installation o f 1,000 megawatts o f new capacity until 2007. Though these 
incentives are very encouraging, the level o f the WPPI is considerably less than 
that offered in other countries.
• Market Incentive Program. The Market Incentive Program (MIP) is an initiative 
taken by Government o f Canada, worth $25-million, to encourage emerging 
markets for renewable electricity through the Action Plan 2000 on Climate 
Change. The main target o f this program is to establish renewable energy sources 
as full-fledged competitors of the conventional sources by 2010, and to reduce 
emission o f greenhouse gases from electricity generation. Funding is available 
through the MIP until March 31, 2006.
• Canadian Renewable and Conservation Expenses (CRCE). The CRCE is a 
group of expenditures intended to promote the development o f conservation and 
renewable energy projects. It allows investors to fully write-off certain intangible 
costs associated with investments such as feasibility and resource assessment.
Class 43.1 Accelerated Capital Cost Allowance. Class 43.1 permits accelerated 
write-off of certain equipment used in wind power. It allows taxpayers to deduct 
the cost of eligible equipment at up to 30 percent per year, on a declining balance 
basis.
• Procurement Targets. The federal government has committed to purchase 20% of 
their electricity needs from renewable sources, including wind, by 2005.
98
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Table 3: Current inventory of wind turbine in Canada -  province wise.
Province No of Turbine Model Ratines Installation Year
Alberta
66 Kentech 33M-VS 375 kW 1993
4 Vestas V44 600 kW 1997
1 Enercon E40 600 kW 2001
177 Vestas V47 600 kW 1997. 2000 &
1 Laeerwav 750 KW 750 kW 2004
1 NEG-Micon 900/52 900 kW 2001
20 Nordex N60 1.3 MW 2001
20 GE Wind 1.5 MW 2004
39 Vestas V80 1.8 MW 2004
1 Vestas V90 3.0 MW 2004
Nova Scotia
1 Turbo winds T600 600 kW 2002
1 Vestas V47 660 kW 2002
17 Vestas V80 1.8 MW 2004 & 2005
Ontario
1 Tacke TW-600 600 kW 1995
1 Vestas V47 660 kW 2001
1 Laeerwav 750 750 kW 2003
4 Vestas V80 1.8 MW 2001 & 2002
P. E. I. 16 Vestas V47 660 kW 2001 & 2004
1 Vestas V90 3 MW 2003
Quebec
136 NEG-Micon 750/48 750 kW 1999
3 Jeumont J48c 750 kW 2003
5 Vestas V80 1.8 MW 2004
Saskatchewan 33 Vestas V47 660 kW 2001 & 2003
Yukon 1 Bonus 150 kW 150 kW 1993
1 Vestas V47 660 kW 2000
7.2 Provincial policies:
• Renewable Portfolio Standard. A Renewable Portfolio Standard (RPS) is, in 
Canada, a Provincial law requiring electrical utilities and retailers to purchase 
wind power to a certain percentage o f their electricity needs. Development of 
RPSs is currently in progress in Alberta, Ontario, New Brunswick, Nova Scotia 
and Prince Edward Island.
• Request fo r  Proposals (RFP). Provinces can issue RFPs for the development of 
renewable energy projects. In early 2004, Quebec, New Brunswick and 
Saskatchewan had already issued such RFPs.
• Green Power Procurement. Provincial governments can commit to purchase a 
certain percentage o f their electricity needs from renewable sources, including 
wind. Alberta and Ontario already have such programs in place.
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• Favourable Tax Treatment. Provinces can offer favourable tax treatment for 
renewable energy development. Ontario and British Columbia currently offer 
such tax incentives.
• Bill 100. In Ontario, one o f the major steps taken by the provincial government is 
the proposed Electricity Restructuring Legislation, Bill 100, which offers the 
potential mechanism to the Provincial Government to overcome the past 
hindrances of the wind energy development in Ontario [32]. One o f the important 
issues the legislation points out is the creation of the Ontario Power Authority 
(OPA), which will have the power to enter into the long-term power purchase 
arrangements that are essential to reducing the cost of capital for wind energy 
projects. Another provision allows the energy minister to set renewable energy 
targets for the province and order the OPA to increase its purchases to meet those 
goals. With this initiative, Ontario’s wind energy target is to have 5% of Ontario’s 
demand to be met from wind power generation by 2007 and to increase the 
number to 10% by 2010.
The effectiveness o f these policies plays a vital role in the success o f wind energy. 
Although Canada does not have a very strong policy framework for wind energy 
compared to other nations, with the ongoing efforts from the Federal and Provincial 
authorities, it is maturing steadily. All across Canada, different authorities are working to 
develop wind-friendly policies in different areas, such as the area o f transmission and 
interconnection, environmental assessment, zoning and permitting, building codes and 
electrical standards, to ensure the efficient performance of the overall framework to 
accelerate the growth of wind power.
8. OBSTACLES AND RECOMMENDATIONS
Though the current status and future prospect of wind energy is very promising in Canada, 
there are still a few barriers which the country has to overcome in order to achieve the 
best. Compared to the other leading nations, Canada has just started its wind power 
venture. With the gradual improvements, not only in technical area, but also in other 
areas like planning, regulation, the scenario will be better in future. In this section, such a 
few hindrances have been highlighted, which if taken care, can accelerate the pace of 
wind energy development in Canada. Probable solutions are recommended to surmount 
these obstacles.
8.1 Selection of preferred locations in Canada
The first and foremost concern for wind energy development is the adequate availability 
o f wind. From the national wind resource map of Canada shown in Fig. 14 it can be 
assessed that Canada has a significant wind resource.
• Particularly, Newfoundland Labrador, Prince Edward Island and Costal areas of 
British Colombia have a mean wind speed o f almost 10 m/s at a height o f 50 
meter.
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• The province o f Quebec has 100,000 MW of wind energy potential within 25 
kilometres o f existing transmission lines that is economically viable in the short 
and medium term according to a new study produced by Helimax Energy [43].
• Manitoba is also a very good choice because o f the availability o f wind and 
accessibility o f already existing near by transmission lines.
The most preferred places for wind power can be identified if a comprehensive 
countrywide wind energy database can be developed. This database need not to be 
available for general public but should be available to the authority responsible for wind 
energy development.
8.2 Grid connected wind plants -  reliability concerns
Another important aspect of integration of wind power to the grid is the reliability. As the 
power produced by a wind farm can no longer be available if the wind speed falls below 
the cut-in speed o f the turbine, overall power system faces the challenge to ensure the 
reliable supply o f the power to the consumers. With ongoing researches in the area of 
reliability o f wind power, several techniques are coming out to make the wind power 
more attractive [44-46].
• Hybrid power systems can also be a solution to overcome this problem. In 
Canada, the average wind speed is largest in the winter season and in summer it 
is the least. The scenario is opposite to the hydro-power, which is minimum in 
winter and maximum in summer. Thus a hybrid system consists o f hydro and 
wind power can provide a reliable supply of constant amount of energy through 
out the year using the reciprocal availability of wind and hydro power.
8.3 Improvement of wind related manufacturing industry
The advancement of technology in the area o f wind energy related manufacturing 
industry definitely plays an important role in the progress of wind energy. There is a huge 
potential o f the wind related manufacturing industry in Canada though it is not that 
fledged at present.
• Wind turbine is the most vital component o f wind power plant but till date there 
are no such companies to produce large turbines. But a group o f companies is 
finding their way in the opposite direction by manufacturing a small size wind 
turbines that is being installed in many remote areas across Canada. While the 
small turbine market has considerable challenges, including small profit margins 
and difficulty providing after-sale and warranty service in remote areas, some 
believes it also holds great promise [35].
• Manufacturing large turbine and other auxiliary equipment within the country will 
reduce the cost o f initial installation by cutting down the cost o f import and 
definitely help to promote the use o f wind power more and more.
• Controlling the output power is a challenging job in the case o f wind power due to 
its intermittent and stochastic nature. Manufacturing and implementation of 
advanced control schemes are thus necessary to improve the functionality o f wind 
energy.
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Figure 14: Wind atlas (Environment Canada's Wind Energy Atlas).
8.4 Monitoring problems
Another major obstacle challenging the progress o f the wind energy is the monitoring 
problem in the remote sites. This problem limits the expansion o f wind farms in many 
areas that have promising wind energy potentials but situated far from the grid. Some 
wind plants are already using satellite monitoring for projects, particularly offshore, but 
the systems have tended to be relatively expensive, custom-built solutions. Up to now 
such a technology was considered as extremely expensive and unaffordable for smaller 
wind farms or projects.
• A firm in Quebec has developed satellite based technology called “SatWind” that 
gives project owners an affordable way to monitor and control turbine operation 
even in the remote sites where poor telecom lines exist or none is connecting the 
turbine [31].
• This system can be adapted to any scale ranging from a simple, low-cost unit for 
small wind turbines to an advanced version designed to handle more complex 
wind-diesel installations and the large turbines frequently used in offshore 
projects.
• This system’s targets are a standard, plug and play, simple and low-cost module, 
in order to make such a tool available for every wind turbine, whatever its size 
and location around the world [31].
8.5 Difficulties faced in transmission
Power transmission is a major barrier that needs to have serious attention paid to it. The 
most preferred wind power locations are generally far away from the existing locality and 
thus from available transmission lines. As an example, in Ontario, many o f the areas with 
attractive wind regimes, particularly along the Great Lakes and Georgian Bay, don’t have 
the grid infrastructure to support the type o f large-scale wind power development being 
proposed. The main issue is that the cost o f building the transmission line to connect a
102
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
wind turbine with the existing grid falls on that generator and that increases the initial 
cost further.
•  The cost of the transmission line or at least a part o f it should be borne by the 
federal and/or provincial government. Providing the wind power plant with a tax 
benefit on the transmission line cost may be effective to resolve this issue.
8.6 Regulatory improvements
Though, federal and provincial authorities in Canada are working on the formulation o f a 
policy framework supportive to the development o f wind energy, rules and regulations 
differ for different location or different authorities. The wind industry faces a crucial 
problem because of the variety o f government departments involved with different 
aspects o f wind energy policy.
• One o f the solutions discussed and under consideration was the creation o f a 
Renewable Energy Secretariat to coordinate with different authorities to maintain 
a uniform framework through out the country [33].
Among the other challenges, the most important is the enhancement o f wind power 
market. The penetration of wind energy into the electricity market o f Canada can be 
accelerated only if a long-term market o f wind power can be developed all over the 
country to attract the investors to this industry. Not only the promotion o f small-scale 
wind power or local manufacture o f the turbines, but also the availability o f the 
state-of-the-art technologies, technically sound professionals and a uniform framework 
are important to achieve the target of 4,000 MW by 2010.
9. CONCLUSIONS
The past progress, current status and future prospect o f wind energy in Canada have been 
investigated in this paper. It has been demonstrated that the wind power application in 
Canada is prospering, maintaining the same trend as the rest of the world. The operating 
technology o f wind turbines has been looked into and the progress o f wind turbines in 
Canada has also been studied. Several supportive policies, introduced by Federal and 
Provincial governments as instigated by utilities to enhance the market for wind energy, 
have been discussed. A few hindrances in the pathway have been identified and their 
probable solutions have been suggested to step-up the usage o f available ample wind 
energy in Canada.
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